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ABSTRACT 
The classification of mycoheterotrophs in the Monotropoideae sub-family as 
epiparasites is misdirectional and problematic. A net cost has not been proven to occur 
with the associates of mycoheterotrophs in the Monotropoideae, therefore epiparasitism 
is not concretely proven. However, because of evidence that there is a linear transfer of 
photosynthate to the mycoheterotroph with no known reciprocation it is predicted that 
they are parasitic on their associate fungus and tree. Preemptively mycoheterotrophs are 
considered epiparasites, and this assumption has become the predominant perspective 
through which mycoheterotrophs are studied. The overuse of epiparasitism as a 
theoretical model limits the study of other possible mycoheterotroph associations that are 
not a form of parasitism. It is unsatisfactory to settle on the use of parasitism to describe 
mycoheterotrophic associations without further evidence.    
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§Preface 
 A mycoheterotroph is a fully to partly non-photosynthetic plant that receives 
photosynthate (i.e. carbon, phosphorous, or nitrogen) from an autotrophic tree (i.e. an 
organism capable of producing its own photosynthate) through a mycorrhizal fungus 
(Leake, “Biology” 171-2). This phenomenon involves three primary associations: (i) the 
mycoheterotroph (the non-photosynthetic plant) with the mycorrhizal fungus (ii) the 
fungus that is directly in contact with the mycoheterotroph and autotrophic tree (iii) the 
autotrophic tree that is in direct contact with the fungus but not the mycoheterotroph. The 
autotropic tree exchanges carbon with its associate fungus, which reciprocates by 
supplying the tree with nitrogen and phosphorus (172-3). However, the mycoheterotroph 
receives photosynthate from the fungus without transferring photosynthates to the 
autotrophic tree (172-3). 
 Mycoheterotrophy is classified as a form of ectomycorrhizal (EM) epiparasitism 
(i.e. a parasite of an ectomycorrhizal parasite) (Bidarrtondo “evolutionary ecology” 336). 
One way of understanding this association is that the EM fungus and autotrophic tree are 
individually parasitic of each other because both the fungus and tree are acting to benefit 
themselves and will defect from their association if it becomes more costly than 
beneficial. However, the overall association between the fungus and autotrophic tree is 
mutualistic, in that both provide services or benefits in a balanced exchange of benefits 
and costs (Leake “Physiological” 602). The mycoheterotroph is thus considered as an 
epiparasite because it is directly parasitic on the fungus and indirectly parasitic of the 
autotrophic tree and it does not offer any benefits to its associates, even though the 
evidence is not conclusive.  
Mycoheterotrophy describes the source of an organism’s nutrients, whereas 
parasitism predicts that the costs of associating with an organism are more than the 
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benefits. The characterization of mycoheterotrophs as epiparasites is problematic because 
epiparasitism is inferred from the exchange of carbon, nitrogen, and phosphorus without 
investigating other aspects of a mycoheterotrophic association (Merckx et al., “Myco-
heterotrophy: when fungi host plants” 1259-1260). The study of mycoheterotrophic 
organisms has not shown that their association costs the fungus or autotrophic tree, 
therefore epiparasitism is used to narrate mycoheterotrophic associations because it can 
offer pseudo-explanations and simplify the complexity of mycoheterotrophic 
associations. 
I argue that the use of epiparasitism to characterize mycoheterotrophy in the sub-
family the Monotropoideae is misleading, because it uses data of one aspect of an 
organism’s associations to characterize the entirety of an organism. Additionally, 
epiparasitism assumes that there is a net cost that has not been proven in 
mycoheterotrophic associations (1259-60). The a priori use of epiparasitism to 
characterize mycoheterotrophic associations limits the ability of science to methodically 
reveal the nature of associations in the Monotropoideae. The problems of using 
epiparasitism to characterization mycoheterotrophs can be stated as four tenets:     
I) Epiparasitism in the Monotropoideae is inferred from isolated characteristics 
(i.e. only some features of an individual organism are accounted for) that have not been 
proven to inflict a cost on the association. 
II) Epiparasitism, as a modeling system, over simplifies the interactions between 
associated organisms; it does not attempt to include an organism’s non-nutritional 
functions or associations— e.g. reproduction, life cycle, or nonlinear associations. 
III) Epiparasitism substitutes the necessity to describe the casual factors that 
underlie, produce, and maintain organismal processes with the prediction of an outcome. 
Prediction without explaining a phenomenon is unsatisfactory on its own, because it 
 3 
forms a self-producing model that limits an understanding of the subject to a set outcome. 
This is intertwined with points I and II, in that the theory fails to account for the 
complexity of associations. 
IV) The application of epiparasitism frames organisms in a way that reconfirms 
its own classification. Once an organism is categorized as a parasite it is reduced to what 
can be reasoned possible as a parasite, which places emphasis of isolating a system 
instead of connecting it. An organism’s associations are wrongly reduced to a select few 
interactions that adhere with the notion of parasitism. 
These critical tenets are overlapping and are not readily separable when analyzing 
cases of epiparasitism. For my purposes they will serve as footholds for inspecting the 
power and shortcomings of the modeling system. In particular this critique will evaluate 
the way the study of epiparasitism shapes our knowledge of the Monotropoideae. I will 
do this by examining what is known in the cases of Monotropa uniflora, Sarcodes 
sanguinea, and Pterospora andromedea, which exemplify the problematic aspects of this 
field. After analyzing the case studies, I will comment on the need for explanation and 
prediction to characterize mycoheterotrophs. The views I present will not solve the above 
stated problems, but I hope to create a platform so that the classification of 
mycoheterotrophs as epiparasites can be questioned.  
§Opening Remarks 
Categorizing an organism as an epiparasite or mutualist generalizes phenomena 
(Saffo 22-5). Applying the notions of epiparasitism or mutualism gives us insight into the 
workings of interspecies associations that last over multiple generations (Price 4-5). A 
mutualism is either the equal exploitation and benefit between two or more organisms, or 
the reciprocal and beneficial association of two or more organisms (Leung & Poulin 108-
9). Epiparasitism is the unequal exploitation of another parasite without offering enough 
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benefits to outweigh the costs of the association. The duration of the interaction between 
the parasite and its host over its lifetime fundamentally separates epiparasitism and 
mutualism from other competitive or predatory interactions (107).  
In the modeling system of mutualistic and parasitic associations an interaction is 
framed in terms benefits or non-benefits, in other words whether an associations outcome 
is considered a mutualism or parasitism varies on a continuum of what is afforded by the 
participating organisms (107-18). Parasitic and mutualistic associations track and map the 
exchange of benefits and costs so that a net outcome can be calculated. The outcome is 
the summation of all included costs and benefits. Calculating the outcome reduces an 
organism to the predominant interactions that they engage in; if the organism reciprocates 
the costs and benefits of an association it is a mutualist (a title that highlights a positive 
association), while if the organism reduces its associates fitness without offering 
substantive benefits it is a parasite (a title that highlights a negative association).  
 By studying the outcomes of associations, the manifestation of an association 
becomes what one organism provides the other and vice versa. If an interaction is not 
reciprocally beneficial is not mutualistic, however if this interaction does not have a net 
cost it is also not parasitic. In the case of mycoheterotrophs where no net cost is proven, 
and no known benefit is reciprocated with the fungus or tree a cost is assumed so that 
epiparasitism can be used to classify the mycoheterotroph. Applying the classification of 
epiparasitism to mycoheterotrophs is a clear example of how outcome dependent models 
of organism’s place emphasis on certain features and neglect others (Saffo 22-5).  
While classifying mycoheterotrophs as epiparasites predicts the linear transfer of 
carbon between the mycoheterotroph and the host fungus it does not provide the 
information pertaining to the causes that underlie, produce, and maintain this association. 
By employing epiparasitism as the primary way to interpret mycoheterotrophic 
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associations, everything that is not included or explained by parasitism is 
mischaracterized this has negatively influenced the way mycoheterotrophs are studied. It 
is irresponsible to characterize mycoheterotrophs as epiparasites without concrete 
evidence that the generalization is justified. As I will show in the case studies the 
mischaracterization of mycoheterotrophs has limited scientific progress. Studying 
mycoheterotrophs as epiparasites contextualizes known information so that emphasis is 
placed on it, and in placing emphasis it prematurely confines our understanding of 
mycoheterotrophic plants to that which can be narrated as parasitism.   
§General Introduction (Parasitism in General): 
The treatment of species-level associations has led to numerous publications 
about the common features shared by parasites (see: Combes “Parasitism”; Price 
“Evolutionary biology of parasites”; Press & Graves “Parasitic Plants”). These 
publications attempt to compare the aspects of a general parasite’s life and adaptation, so 
that the similarities of parasites are clear, thus creating the theory behind the modeling 
system. Data collected on organism considered parasitic is used to specify what makes a 
parasite, and not what the association of organisms may be beyond the weighing of costs 
and benefits. 
A parasitic association is described by tracking the exchange of nutrients/energy 
in the physical form between organisms, it involves the use of energy by one organism 
from another— e.g. the use of an associate for nutrients, transport, or defense (Leung & 
Poulin 108). The result of an interaction between two or more organisms over a 
prolonged amount of time is referred to as the “outcome” and is understood through a 
measurement of fitness (Price 4-8). Parasitism is an outcome-dependent interaction (i.e. 
the association is defined by its summation and preconceived to fit a modeled outcome) 
that results in one organism(s) receiving a cost with no benefit, and the other organism(s) 
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receiving a benefit with no cost (108). An outcome is the net calculation of an organism’s 
overall benefits and detriments in an association. 
 Accordingly, Combes notes that parasitism is a “durable interaction” that, unlike 
the competitive relation of a cat catching a mouse, requires an extended amount of time 
for a parasite and host association to form (4). When an organism is classified as parasitic 
it is placed on a continuum of mutualistic to parasitic relations. On this continuum 
mycoheterotrophs are described as an extreme case of parasitism. The parasite is 
classified by its degree of unilateral dependence and benefit in an association, in contrast 
to the bilateral shared benefit of a mutualism (8). The interactions that take place outside 
of the calculation of the outcome are not included in parasitism’s conceptualization of the 
organism. 
Combes further suggests that the parasite and its host form a “superorganism with 
a supergenome,” because the close contact between the associate’s genomes over 
generations lead to a specialization of the parasite to exploit its host (5). In this vein 
Combes argues, that an organism that was once “free-living… [becomes parasitic] by 
providing generation after generation, the possibility for natural selection to sort the best 
adapted from the less fit.” (17) The outcome of this interaction varies; some species are 
facultatively parasites (i.e. not always being bound to one host), and other interactions are 
considered obligate (i.e. require an association with a specific organism to fulfil it’s 
needs). Hence, a parasite in some instances is a free-living organism, which facultatively 
preys on a mutualism as an antagonistic exploiter, while in other cases a parasite is a non-
free-living organism that relies on its host(s) to provide it with the means to survive. 
 The parasite and host have an intimate association that has genetically influenced 
each other’s genomes; the current state of a parasitic association is part of an ongoing 
process of selection, so the parasite shares its fate with its host. The obligate cases of 
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parasitism in plants are sedentary, and this has resulted in the parasite is adapting to the 
niche of its host environment (5-6).  In an obligate parasitism this often transpires 
through the coevolution of the parasite to have specific adaptations for its host (Leung & 
Poulin 108). Over generations a parasite host association the parasite must try to out-
maneuver the defenses of its host, which may actively select against the parasite (Combes 
17). Given the process of natural selection, it is predicted that over time the host selects 
against the parasite and develops defenses to combat the detrimental association; 
however, in this process the parasite also adapts and evolves so that it does not lose its 
host (Leung & Poulin 108).  
In parasite-host associations the host is analogous to the parasite’s habitat: it 
provides living space, nutrients, and protection. The host directly influences the life cycle 
and success of a parasite lineage. Combes states four prominent aspects of parasite host 
relations:  
I) Discontinuity of space [hosts are separated at times by large geographic 
barriers]. 
II) Discontinuity of time [hosts die]. 
III) Hostility of the Milieu [Hosts attack their parasites]. 
IV) Evolution of the Milieu [hosts select against parasites].  (18-20) 
Each case of parasitism varies due to different propensities in the association, however 
for mycoheterotrophs all four of these statements are true. This list serves to exemplify 
the interrelated closeness of the parasite in its association with a host as a living habitat.  
The interactions of the parasite and its hosts are characterized as an unwelcome 
siphoning of the host’s resources (Gourbière et al. 1-2). For instance, the parasite of a 
mutualism uses the resources afforded by a beneficial association between two other 
mutualistic organisms without offering anything in return (Bronstein, “The Exploitation 
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of Mutualisms” 277). Bronstein uses the term “exploitation” to describe the behavior of 
the parasite in interspecies interactions. She states that there are at least four classes of 
exploitation: “cases in which rewards are obtained but not provided, cases in which 
services are obtained but not provided, cases in which rewards are provided but services 
are not provided, and cases in which services are provided but rewards are not.” (277-9) 
An example of a reward would be the use of the host by the parasite to gain nutrients, 
whereas a service would be the parasite using its host for protection or transport.  
The behavior of exploitation is not only attributed to parasites—it is at times also 
extended to mutualists. This is due to the outcome of an association taking precedence 
over the duration of an association. For example, the relationship between most 
mycorrhizal fungi and their host tree is a mutualistic outcome, yet the behavior of each 
organism towards each other is a form of conditional exploitation (Bronstein, 
“Conditional outcomes in mutualistic interactions” 2). The tree’s and fungus’s 
associations can be beneficial when both contribute, or they can at times be costly if the 
tree or fungus to exploit the other associate without offering any benefits. An organism 
engages in conditional exploitation when it is mutualistic under favorable conditions, but 
parasitic in other circumstances that less favorable. The evidence for conditional 
outcomes is from a study performed originally by G. D. Bowen that showed that plants 
break off their relationship with fungi when phosphorus is added to the soil (283-4). 
Thus, the mycotroph (i.e. an autotropic plant using fungi for nutrients) is using its 
associate in an exploitive fashion and will defect from the relationship and select against 
its fungi when given the opportunity.  
The notion of conditional outcomes has implications for how mutualism 
associations are described on the organismal level. In the case of a mycotrophic tree and 
its fungi, both are considered parasitic one another; however, since both receive equal 
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benefit the outcome is considered mutualistic. Not all mutualisms necessarily fall into 
this category, but the mutualism that mycoheterotrophs are epiparasitic on is a case of 
conditional exploitation between the EM fungus and autotrophic tree. That a mutualistic 
association can be the product of parasitism seems paradoxical at first, but this paradox 
disappears once it is realized that different levels of analysis of an association may 
change how it is described.  
I would like to close this section with some final clarificatory remarks about 
benefits and costs. The idea of a benefit is fraught with ambiguity; however, it can be 
broadly explained as an increase in reproductive rates, nutritional acquisition, defense, 
digestion, or fitness of an organism (Cushman and Beatie 3). Notably, a benefit 
approximates what best fits into the model and cannot account for the full duration of 
interactions. As Johnson et al. notes, a system must be isolated, and the data collected is 
used in the frame of the questions asked (577). Thus, with imperfect knowledge of the 
diverse axes of an association, weight is statistically placed on different costs and benefits 
selectively, and eventually this comparative list is contextualized in its effects to the 
organism’s fitness, which designates the organism to a negative or positive role in 
association. 
Classifying something as a parasite relies on the use of outcomes. When an 
organism engages in an association, its association can impact the life cycle of another 
organism; in parasitism this results in a net reduction in the fitness of the organism being 
parasitized. Categorizing an association as parasitic posits that out of the factors judged 
important to measure an association, there is an imbalance in favor of one organism and 
not the other. In this way, parasitism deals with the result of linear relationships, bringing 
to light the components of a relationship that are a certain type of cost or benefit, and 
excluding those other factors that cannot fit into the parameters set to study the organism.   
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  §A Note on Ectomycorrhizal (EM) Epiparasitism 
Let us focus on a specific subtype of parasitism, ectomycorrhizal (EM) 
epiparasitism. An EM epiparasite is a parasite of parasitic association. An example would 
be the association between EM fungus, its host tree, and mycoheterotroph. The 
relationship between EM fungi and host tree is parasitized upon by a third party non-
photosynthetic epiparasite, which derives its carbon through the mycorrhizal fungi, by 
parasitizing the tree. This relationship is deemed parasitic because the exchange of 
nutrients between associates, with the epiparasite not offering the tree any benefit in the 
association. 
The EM epiparasite is either unable to produce its own carbon, or it can only 
produce a small fraction of its carbon needs, lacking the ability to create the necessary 
photosynthates for growth and reproduction. This is one of the key indicators of an 
epiparasitic association. Numerous experiments have provided evidence that carbon is 
transferred from the host tree to the fungus to the third-party plant (see: Björkman, 
“Monotropa Hypopitys L. — an Epiparasite on Tree Roots”; Bidartondo et al., 
“Specialized cheating of the ectomycorrhizal symbiosis”; McKendrick et al., “Symbiotic 
germination and development of myco-heterotrophic plants”; Yuki Ogura-Tsujita, 
“Evidence for novel and specialized mycorrhizal parasitism”). However, whether the 
transfer of carbon is a key indicator of epiparasitism is yet to be confirmed, even though 
it is used as the primary evidence for the phenomenon. Merckx et al. in the article 
“Myco-heterotrophy: when fungi host plants” states: 
Another prominent question is whether myco-heterotrophic plants are in fact 
parasites of their fungal hosts and/or the autotrophic plants that are part of 
common mycorrhizal networks. In other words: are there measurable costs for 
mycorrhizas that have been invaded by a myco-heterotrophic plant? This is a 
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methodologically and conceptually challenging question, particularly for tripartite 
symbioses, and to date there are no experimental data to address this matter. 
(1259-60) 
The tradition of calling mycoheterotrophs epiparasites was started in Björkman’s seminal 
article published in 1960 titled “Monotropa Hypopitys L. — an epiparisite on tree roots.” 
The article documents experimental evidence tracking the flow of carbon 14 isotope 
injected in the autotrophic tree through the fungus to the mycoheterotroph, a phenomenon 
he named epiparasitism (324-5). The evidence supporting that mycoheterotrophs are 
epiparasites has come from similar experiments tracking the movement of isotopes 
between organisms in the association (McKendrick et al. 539-40; Trudell et al. 761-2). 
Common characteristics that are shared between EM epiparasites include their 
niche in shady understories and reliance on receiving photosynthates from the tree 
through the fungus. The understories of the forest that EM epiparasites inhabit are dark 
and lack the light source needed by most photosynthetic plants. The ability for EM 
epiparasites to receive photosynthates from a tree that has access to the light in the 
canopy enables the parasite to occupy its otherwise inhospitable environment. 
         §A Note on Mycoheterotrophy  
A mycoheterotroph is a full to partially achlorophyllous plant that derives its 
sustenance and nutrients from a mycorrhizal fungi symbiont—it’s a plant that is a 
heterotroph on a mycorrhizal fungus (see Fig. 1 for examples) (Leake, “The Biology of 
Myco-Heterotrophic ('Saprophytic') Plants” 171-2). This relationship typically involves a 
tripartite association between an autotroph with a bilateral association with the 
mycorrhizal rhizosphere and an additional plant that is considered an epiparasite (see Fig. 
2) (Leake 172-3; Bidarrtondo, “Evolutionary Ecology” 336). Roughly, the association 
between the autotroph and mycorrhizal fungi can be described as a circulation of 
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nutrients, the autotroph supplies the fungi with carbon, while the fungi exchanges 
phosphorus and nitrogen with the tree (see Fig. 2) (Leake 172-3).  
 
Mycoheterophy has evolved to differing degrees in three Eudicot plant families 
the Gentainaceae, Ericaceae, and the genus Salomonia in the Polygalaceae (see Fig. 3) 
(Bidartondo, “The evolutionary ecology of myco-heterotrophy” 342). The differing 
degrees of mycoheterotrophy refers to whether a plant is fully heterotrophic on its host 
fungus (i.e. derives all its nutrients from its host) to a plant that is mixotrophic (i.e. 
derives some of its nutrients from its host). Many variant forms of mycoheterotrophy 
exist, for instance some plants may be mycoheterotrophic initially but over time mature 
and become independent, while other plants may be fully mycoheterotrophic over their 
entire life cycle (see Fig. 3).  
 
(Fig. 1) Examples of mycoheterotrophic 
plant species from different plant families. 
(A) Pterospora andromedea, (B) Sarcodes 
sanguinea (Pterosporeae; Monotropoideae; 
Ericaceae), (C) Voyria clavata 
(Gentianaceae), (D) Cephalanthera 
damasonium (Orchidaceae), (E) Kupea 
martinetugei (Triuridaceae), and (F) 
Afrothismia hydra (Thismiaceae)  
 
Source: Fig. 1 in Merckx et al., “Myco-
heterotrophy: when fungi host plants” 1256 
(Fig. 2) Schematic diagram 
of carbon transfer. 
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As shown in (Fig. 3) a number of different species use mycoheterotrophy as a 
method of nutrient acquisition. Many of the species listed on the phylogenetic tree do not 
associate with the same species of fungus and are in some instances exclusively with 
associated with a single fungus. Thus, each different plant microbial relationship is 
distinct and takes on its own nuances. Just because two species may both be 
mycoheterotrophic this does not designate that they have the same types of associations 
with other species.  
The study of myco-heterotrophy is still a developing field, much of the field is 
unexplored or in its infancy (Bidarrtondo 335). For instance, Leake in 2010 proposed 
four components of myco-heterotroph physiology that would need to be known in order 
to have sufficient knowledge of mycoheterotrophy: 
1.) the primary sources and pathways of organic C and Nutrient 
assimilation and transport partners to be established; 2.) the composition, quantity 
and chronology of metabolite transfers from fungus-to-plant to be identified and 
measured; 3.) the metabolic pathways involved in storage and allocation by the 
(Fig. 3) “Lineages of plants 
that have evolved myco-
heterotrophy (dashed 
branches). Lineages with 
full myco-heterotrophs are 
shown in bold (c. 500 spp.). 
The rest contain initially 
myco-heterotrophic plants 
only (c. 20 000 spp.). The 
exceptions are Buxbaumia 
and Schizaea which may be 
full myco-heterotrophs and 
Parasitaxus which may be a 
direct root parasite. All 
direct plant–plant parasites 
(not shown) fall in the 
dicots. Asterisks indicate 
lineages for which some 
molecular identification of 
mycorrhizal fungi has been 
carried out.” 
Source: Fig. 3 in 
Bidartondo, “The 
Evolutionary Ecology of 
Myco-Heterotrophy” 342. 
 
 14 
plant of the C and nutrients received from fungal partners to be characterized; 4.) 
any metabolite fluxes from plant-to-fungus and their roles in establishing, 
maintaining or repaying fungal associations determined. (602)  
Leake claims that knowledge of the first of these is the most developed, while tenets 2-4 
have shown “almost no progress” as of 2010 (602). It is important to note these tenets in 
consideration of the theory of epiparasitism, which provides clarity in the absence of 
explaining the why or how mycoheterotrophy functions and exists. Epiparasitism predicts 
the outcomes of 2, 3, and 4 from the information of 1, but it cannot explain how or why 
these interactions transpire. Additionally, the 4th tenet would have to be known for 
epiparasitism to be confirmed. These four points show why a critical approach is needed 
to understand mycoheterotrophic plants. 
            §The Monotropoideae 
 The Monotropoideae is a sub-family in the Ericaceae, and it contains some of the 
most well-studied groups of full mycoheterotrophs (Leake, “The Biology of Myco-
Heterotrophic (‘Saprophytic’) Plants” 184; Bidarrtondo, “The Evolutionary Ecology of 
Myco-Heterotrophy” 337-42). Collectively the species belonging to the Monotropoideae 
are referred to as monotropes. Species in this sub family are semi- to non-photosynthetic 
thereby deriving their C from a fungal source (Leake 184). The Monotropoideae is 
composed of the tribes Pyroleae, Monotropeae, and Pterosporeae (see Fig. 4). Full 
mycoheterotrophy has evolved in all plants located in Monotropeae and the Pterosporeae, 
and partial mycoheterotrophy has developed in the Pyroleae (Merckx et al., 
“Mycoheterotrophy” 73). 
 Monotropeae and Pterosporeae have many similarities but ultimately differentiate 
in phylogenetic analysis. The loss of chlorophyll in both Monotropeae and Pterosporeae 
is considered to have evolved in parallel (K. A. Kron et al. 361). This may be a result of 
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similar selection pressures on both clades. Both clades ecologically occupy similar 
understory niches with little light.  
According to “morphologic analysis,” Pterosporeae (genera Sarcodes and 
Pterospora) does not form a monophyletic clade; however, through “Nuclear Ribosomal 
Internal Transcribed Spacer” and 18s rna data there is evidence that Pterosporeae is 
monophyletic (362). It is important to identify whether a species is polyphyletic or 
monophyletic in order to identify the evolution of mycoheterotrophy. Due to the need for 
further research, the clade Pterosporeae is considered to have strong evidence of being 
monophyletic, but there is still enough of a probability that it is polyphyletic that the 
relationship is uncertain.  
 Monotropes are considered by some scientists consider to a defector of a historic 
(Fig. 4) “Monotropoideae comprise 
three tribes: the autotrophic Pyroleae 
and the mycotrophic Pterosporeae and 
Monotropeae. Pyroleae are 
characterized by the lack of 
multicellular hairs on their leaves, 
separate petals, and lack of stamen 
appendages. Phylogenetic relationships 
within Pyroleae recently have been 
clarified by Freudenstein (1999). Both 
Monotropeae and Pterosporeae have lost 
chlorophyll, becoming strongly 
mycotrophic with reduced leaves; this 
condition likely has evolved in parallel 
in these two clades.” (K. A. Kron et al. 
361-362) 
 
 
Source: Fig. 12 in K. A. Kron et al., 
“Phylogenetic Classification of 
Ericaceae: Molecular and 
Morphological Evidence” 363.  
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three-way mutualism, which over time evolved to exploit the fugally acquired soil 
nutrients and the carbon exchange between the tree and fungi without contributing 
(Bidarrtondo, “"The Evolutionary Ecology of Myco-Heterotrophy" 337-9; Merckx et al., 
“Mycoheterotrophy” 218). However, this hasn’t yet be concretely established, with 
limited phylogenetic clarification of the relationships in the Ericaceae (Merckx et al. 
215). The uncertainty in phylogenetic information is intertwined with the overall lack of 
exploration into the mechanisms and possible benefits to an association monotropes may 
provide.   
Plants in the Monotropoideae are projected to have the following attributes: 
specificity towards a fungal lineage, shrinking of foliage, reduction in functional roots, 
microspermy, monotropoid mycorrhiza, and non-photosynthetic cells (Leake,“ Biology”  
184; Bidartondo, "Evolutionary Ecology”  342-8; Merckx et al., “Mycoheterotrophy” 79-
83). These characteristics can themselves vary considerably from one species of 
monotrope to another. For example, Olson in “Seed Morphology of Monotropa uniflora” 
describes multiple different seed types in the monotropes:  
Seeds of Pleuricospora fimbriolata and Allotropa virgata were found to 
contain reduced suspensorless embryos embedded in endosperm (Copeland, 1937, 
1938). Copeland (1939), studying the morphology of Monotropsis odorata, found 
reduced seeds without haustoria. He reported the embryo to consist of only a 
tetrad of radially symmetrical cells embedded in endosperm. Seeds of Sarcodes 
sanguinea Torr. were found to contain small undifferentiated globular embryos 
which are projected by suspensors into the endosperm. (968) 
The list of differences could go on, and because functional explanation is lacking for 
many of the differences noted, it is impossible to understand what effect these differences 
might on the species associations. However, the fine differences between species may 
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have large impacts on their overall ecologic associations. 
In the Monotropoideae a specific and unique ectomycorrhizal association is 
formed called monotropoid mycorrhiza. This association at the first level of analysis can 
be described as the mycoheterotrophic plant connecting with a species of ectomycorrhizal 
fungi, which channels carbon from its autotrophic partner (e.g. a tree) to the 
mycoheterotroph. The association formed by the Monotropoideae is classified as a form 
of extreme epiparasitism (i.e. a parasite on another parasite). Bidartondo comments that 
“this is known as myco-heterotrophic epiparasitism and it represents an ‘unholy alliance’ 
because the photosynthetic plant interacts only indirectly with the epiparasitic plant and 
the photosynthetic plant cannot select against the epiparasitic plant without selecting 
against a fungal mutualist.” (“The Evolutionary Ecology of Myco-Heterotrophy” 336) 
This association results in an intimate 
and intertwined relationship between the 
mycoheterotroph and its associates. 
 (Fig. 5) is a phylogenetic 
representation of the Monotropoideae 
constructed by Cullings using root 
morphology and reduction of leaves and 
chlorophyll. This figure shows the 
different root structures found in some 
of the Monotropoideae. All species 
included are considered partly to non-
photosynthetic, and starting with 
Sarcodes sanguinea in (Fig. 5) the 
monotropoid mycorrhiza is formed. 
(Fig. 5) phylogenetic tree of the Monotropoideae. 
Characters tracked include root morphology and reduced 
leaves and chlorophyll. 
 
Source: Fig. 1B in Cullings, “Molecular phylogeny of the 
Monotropoideae (Ericaceae),” 503. 
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There is a correlation between the monotropes being non-photosynthetic, having reduced 
leaves, and the formation of the root bundle. The phylogenetic tree in (Fig. 5) suggests 
full mycoheterotrophy developed from a common ancestor with partial 
mycoheterotrophs. 
Montropoid mycorrhizas are characterized by the presence of a fungal peg—
single hyphae growing intercellularly in epidermal cells creating a peg shaped structure 
(Finlay 1116). Typical ectomycorrhizas possess a hartig net, which is an area of contact 
between the hyphae and plant root cells that connects the tissues of the organisms (1116). 
However, the hartig net of montropoid mycorrhizas is to a certain degree superficial 
compared with normal ectomycorrhizas, but monotropoid mycorrhizas, like 
ectomycorrhizas, still feature a well-developed fungal mantle (1116). The fungal mantle 
is a dense multi-layered sheath of hyphae that cover the roots of the plant symbiont. 
The combination of these characteristics results in the creation of what Leake 
describes as a “spherical ball of coralloid, fleshy and brittle roots which are entirely 
ensheathed in fungus.” (“The Biology of Myco-Heterotrophic ('Saprophytic') Plants” 
198) This root ball is not identical between species there is variation in certain aspects 
including how spreading its roots are or how dense/brittle the roots are, each species has 
its own distinct root system (see Fig. 5) (198). 
§Case Study (I): Monotropa uniflora 
I will examine what is known and unknown scientifically regarding Monotropa 
uniflora’s classification as an epiparasitic mycoheterotroph, its fungal associations, and 
its reproductive ecology (see Fig. 6 for an image). In doing so, the findings of scientific 
studies will be collected and the results will be examined to create a profile of M. uniflora 
and its associations. When bringing attention to the unknown aspects of M. uniflora and 
its associations I will not propose solutions, my goal will be to create a foundation so that 
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epiparasitism can be analyzed. Presenting the possible unknown parts of M. uniflora and 
its associations will allow for a clear understanding of what to question about its 
classification as an epiparasite. 
M. uniflora belongs to the subfamily Monotropoideae in the Ericaceae. M. 
uniflora flowers early summer to fall, it inhabits moist to dry, coniferous to deciduous-
coniferous forests in acidic soils (Tucker 393).  There are 
populations of M. uniflora ranging from North America, 
South America (Columbia), Central America, and East 
Asia (393).  
 M. uniflora is commonly referred to as an 
epiparasite (i.e. a parasite of another parasite), which is the 
term first used to describe the tripartite relationship 
between a non-photosynthetic plant, a fungal associate, 
and autotrophic tree (Björkman 308-27). An epiparasite is 
the non-photosynthetic plant (e.g. M. uniflora) that derives 
carbon from its host fungus, which receives the carbon 
through a mutualistic association with the host tree. The 
epiparasite indirectly parasitizes the tree through its associate fungus.     
It is unclear whether M. uniflora originated in Asia or North America (Neyland & 
Hennigan 70). During the early Tertiary period, the temperate climate and range of North 
America and East Asian were continuous, allowing for a flow between populations of M. 
uniflora, which could have formed different regional groupings. The difficulty in tracking 
the origin of the species is due to the genetic isolation and regional disjunction M. 
(Fig. 6) Monotropa uniflora. 
 
Source: Tucker “Ericaceae”  
in Flora North America 393. 
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uniflora populations. 
Species of M. uniflora located in Asia have a more direct descendance than 
species found in Central America and North America (See Fig. 7). However, this 
information should be observed understanding that the study used one M. uniflora from 
Japan as the representative for Asia, and there is the possibility through further studies 
more molecular variation would be discovered (269). The events that led to the 
disjunction in populations of M. uniflora is unknown (Neyland & Hennigan 268). The 
three populations of M. uniflora in North America were molecularly similar to each other 
and are more closely related to M. uniflora from Central America than M. uniflora 
located in Asia (see Fig. 7). 
Monotropa uniflora’s fungal associates reside in the Russulaceae ectomycorrhizal 
family (Kong et al. 479.; Young et al. 75; Yang & Pfister 535). M. uniflora exhibits high 
specificity with its mycorrhizal host lineages, forming a biogeographic mosaic of the 
different genera and species with the Russulaceae; each individual lineage of M. uniflora 
associates with one species of fungi (see Fig. 7) (Bidartondo, “The Evolutionary Ecology 
(Fig. 7) Phylogram M. uniflora:  
 
“Phylogram of the single most-
parsimonious tree discovered from a 
heuristic search using 26S gene 
sequences. The number of 
unequivocal synapomorphies is 
indicated below each branch. 
Bootstrap values are indicated above 
each branch. Continental origin for 
each representative of Monotropa 
uniflora is indicated in the side 
legend.” (Neyland & Hennigan 268) 
 
Figure Source: Fig. 1 in Neyland & 
Hennigan, “A Cladistic Analysis of 
Monotropa uniflora” 268. 
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of Myco-Heterotrophy” 343). 
    These are characteristics that are correlated with mycoheterotrophic species in 
the Monotropoideae (Leake, “Biology” 184; Bidartondo 342-348; Merckx et al., 
“Mycoheterotrophy” 73-83). The most common genus of the Russulaceae that M. 
uniflora was found to associate with were species in the Russula clade, while M. 
uniflora’s other associate was discovered by Yang and Pfister in the Lactarius  genus 
(Kong et al. 494; Bidarrtondo and Bruns, “On the Origins of Extreme Mycorrhizal 
Specificity in the Monotropoideae” 229; Yang & Pfister 535). The geographic divisions 
between host species results in gaps between populations according to fungal populations 
(see Fig. 8).  
The extreme specificity of M. uniflora’s fungal associates is built into the life 
cycle of the species, with its seeds only germinating when they receive a stimulant signal 
from Russula spp. or Lactarius spp. (Bidarrtondo and Bruns, “On the origins of extreme 
mycorrhizal specificity in the Monotropoideae” 1554). Upon germination M. uniflora’s 
seeds are colonized by the mycorrhizal fungi with “advantageous” buds breaking through 
the mycorrhizal mantle (1554). Bidarrtondo and Bruns studied the germination rates of 
M. uniflora across North America and showed that depending on the lineage of M. 
uniflora it would associate with the fungal associate of its maternal species (1554-6). This 
(Fig. 8) M. uniflora 
distribution: 
 
Regional associations between 
M. and its fungal symbiont 
forms a mosaic. All fungal 
species shown are in the 
Russulaceae. Each lineage of 
M. uniflora is hosted be one 
species of Russula sp. fungus.  
 
Source: Fig. 4 in Bidartondo, 
“The Evolutionary Ecology of 
Myco-Heterotrophy” 343. 
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intertwining of fungal lineages and its plant associates has led to a continued process of 
coevolution and low rates of radiation between lineages of M. uniflora (Bidarrtondo, 
“The Evolutionary Ecology of Myco-Heterotrophy” 342). 
M. uniflora possesses a specific connection with its fungal associate in the form of 
a monotropoid mycorrhiza. Its root ball conforms to the characterization of montropoid 
mycorrhizas featuring a mantle, hartig net, and fungal pegs (Massicotte et al. 107). 
Typical ectomycorrhizas possess a hartig net, which is an area of contact between the 
hyphae and plant root cells, connecting the tissues of the organisms and a fungal mantle, 
but do not feature the fungal peg found in the Monotropoideae (Finlay 1116). An 
additional feature found in M. uniflora’s roots are called cystidia, which are located on 
the fungal mantle and form vase to spiral like shapes. Massicotte et al. examines the 
unknown potential of this feature in the following: 
The function of cystidia in the mantles of these mycorrhizas remains 
unknown. When cystidia are abundant and predominate on the mantle surface, 
other indeterminate emanating hyphae and/or rhizomorphs are often less 
abundant, or sometimes absent. It is frequently cited that mutualistic fungi, by 
extending into the soil, facilitate water and nutrient uptake to the host. Several 
questions arise. Do short cystidia-like hyphae function in a similar manner to 
emanating hyphae, contributing to nutrient uptake? Do they modify the absorption 
properties at the fungal-soil interface, or are they modified swollen hyphae of 
strictly morphological interest? (107) 
 The questions attached to the possible functions of the cystidia show the fields 
lack of understanding regarding the mechanisms and particulars that go into M. uniflora’s 
associations. There is a limited knowledge of how M. uniflora’s association with Russula 
spp. works. It is important to know the structure of an association, but as it is shown in 
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Massicotte’s questions above, the structural features do not provide answers on the 
features that underlie, maintain, and produce a phenomenon. Science has not yet 
explained the interactions between M. uniflora and its associates this will become 
increasingly clear in examination of other aspects of M. uniflora’s associations. 
M. uniflora produces millions of microscopic seeds, a trait called microspermy 
(Bidarrtondo, “Evolutionary Ecology” 346). The method of transport for the seed 
dispersal is largely unknown, with the presumption being that they are wind-dispersed or 
carried by animals (Leake, “Biology" 208-10). However, these answers are unsatisfactory 
until properly studied, because as has been shown throughout the years of studying myco-
heterotrophs, intuition and inductive reasoning are not reliable (Bidarrtondo 335-36). 
A. Randall Olson reports that immature Monotropa uniflora seeds feature a lipid-
rich endosperm, which is significantly reduced in older seeds and is replaced by the 
storage of proteins until there are virtually no lipids or starches present in older seeds (99-
100). This is correlated to a lack of need for these materials due to receiving these 
resources from the host fungus when the seeds germinate. However, many particulars of 
this relationship have not been examined, such as at what stage after the seed germinates 
it forms its hartig net, fungal peg, or fungal mantle. Most species in the Monotropoideae 
have not had their complete lifecycle analyzed instead only fractions of the plants 
existence have been examined, in many cases the unknown aspects of the plants life cycle 
could have an effect on its associations. To have a better grasp of the underlying 
mechanisms of this relationship further research is needed.   
To date a study has not been completed proving that M. uniflora is an epiparasite 
hence the status is inferred through strong evidence of the phenomenon being present in 
similar species with like characteristics (Björkman 325-7; Bidartondo et al., 
“Specialized” 835; McKendrick et al. 539-40; Trudell et al. 761-2). However, whether 
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this evidence points towards parasitism in all aspects of mycoheterotrophic associations 
is unclear, with studies examining the transfer of isotopes of carbon, nitrogen, or 
phosphorus providing concrete evidence for only one axis of the organism’s associations.  
The exchanges between associates are studied by tracking carbon, phosphorus, or 
nitrogen in an isotopic state that is injected into either the fungus, mycoheterotroph, or 
autotrophic tree. Evidence shows that in this axis of exchange carbon, nitrogen, or 
phosphorus travels between the autotrophic tree and fungus bilaterally, and then from the 
fungus to the mycoheterotroph unilaterally. The mycoheterotroph does not send any 
carbon, nitrogen, or phosphorous back to the fungus or autotrophic tree. Consequently, 
this exchange has been proven to take place in relatives of M. uniflora but has not been 
experimentally shown to occur in M. uniflora.   
The important classifying characteristics shared by M. uniflora with epiparasitic 
mycoheterotrophs is specificity towards a fungal lineage, shrinking of foliage, reduction 
in functional roots, microspermy, monotropoid mycorrhiza, and non-photosynthetic cells 
(Leake, “Biology” 184; Bidartondo, "Evolutionary Ecology" 342-8; Merckx et al., 
“Mycoheterotrophy” 79-83). The presence of all these traits are used as evidence of linear 
carbon exchange to M. uniflora in leu of experimental evidence. I will not contest that 
this conclusion is untrue this conclusion is also well supported in phylogenetic of M. 
uniflora’s relatives.   
 In studies showing a linear exchange of carbon, nitrogen, or phosphorous to the 
mycoheterotroph no net deficiency for tree or fungus has been demonstrated. Thus, 
epiparasitism is shown in the linear transfer of photosynthate to the mycoheterotroph, but 
the broad claim that mycoheterotrophs are epiparasites is inferred by the linear exchange 
of photosynthate—it is not empirically proven because the cost is not apparent. 
Additionally, there have not been specific studies on the exchanges that take place in M. 
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uniflora’s associations, therefore it is predicted and not confirmed that M. uniflora 
features the same linear carbon exchange as other mycoheterotrophs.   
 There is no definitive evidence that M. uniflora is an epiparasite and the term is 
used hypothetically because it can predict the effects of mycoheterotrophy. Within the 
field of mycoheterotrophy, it is acknowledged that epiparasitism not concretely proven 
by the literature for all mycoheterotrophs to be considered under its umbrella 
preemptively (Bidartondo & Bruns, “Host specificity in ectomycorrhizal communities” 
352-5; Egger & Hibbet 1110-12; Leake, “Myco-heterotroph/epiparasitic plant 
interactions with ectomycorrhizal” 422-4). Yet, these same scientists, who acknowledge 
that the classification is not properly sourced regularly use it to classify organisms and 
develop hypothesis from the concept (Bidartondo, "Evolutionary Ecology” 345; Egger & 
Hibbet 1115; Leake, “Myco-heterotroph/epiparasitic plant” 422-4). In opposition to the 
terms use, Merckx states: “it remains to be known whether mycoheterotrophy has 
measurable costs to the green plants that supply carbon to the mycorrhizal fungi targeted 
by mycoheterotrophic plants. Therefore, mycoheterotrophy should be preferred over 
epiparasitism.” (“Mycoheterotrophy” 11) 
 Mycoheterotrophy does not place an association on the continuum of 
epiparasitism, instead the term groups organisms that exhibit similar adaptations to gain 
carbon indirectly through a fungus. This is important to clarify so that mycoheterotrophy 
and epiparasitism are not conflated. At times it may be unclear when an author uses the 
term to classify the same organisms, and do not readily separate the different and 
impactful reasonings behind the two classifications. Epiparasitism is a description of the 
outcome of an interaction, while mycoheterotrophy is a description of a specific 
associative phenomena known to transpire.  
Epiparasitism is used to construct hypotheses about M. uniflora’s associations. A 
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hypothesis can also demonstrate the underlying reasoning that is associated with the 
understanding of a species. When a hypothesis is wrong, it is revealing and worth 
analyzing. Accordingly, in 2005, before a successful pollination study, Bidarrtondo 
hypothesized that all epiparasitic mycoheterotrophs were associated with generalist 
pollinators, his reasoning was as follows:  
Mycorrhizas may be the strongest determinant upon the reproductive 
biology of myco-heterotrophic plants. For example, no successful plant lineage 
would be expected to cheat both mycorrhizal fungi (by failing to provide 
photosynthates) and deceive insect pollinators (by failing to provide nectar or 
other rewards) due to the evolutionary instability inherent to specializing on two 
lineages. Instead, relative to a mycorrhizal generalist autotrophic plant, a myco-
heterotroph specialized on a narrow set of closely related fungi should rely 
disproportionately upon: (i) the most generalist pollinators available; (ii) 
allocation of resources to seed production rather than to pollinators; and/or (iii) 
self-pollination.” (“Evolutionary Ecology” 345) 
Bidarrtondo makes strong statements on what he believes to be the necessary relationship 
circumscribed by the specificity of epiparasitic mycoheterotrophs. His analysis of the 
outcome is tightly connected to what can be expected in the epiparasitic modeling 
system, wherein the parasitic plant has evolved to deceive and exploit possible resources, 
and the more specific the plant is that more it must rely on exploiting its associations. 
Tenets (i) and (ii) are framed as maximizing the benefit to the mycoheterotroph, and tenet 
(ii) represents a parasitism by the plant on its pollinators.  
Reproduction of mycoheterotrophic plants is largely unknown, with little 
information providing insight into the plant’s life cycle. An exception is Klooster and 
Culley’s study of M. uniflora’s pollinator associates, which disproves that all epiparasitic 
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mycoheterotrophs are pollinated by generalists (1337-47). What Klooster and Culley’s 
study showed was that M. uniflora is specifically pollinated by Bombus spp. and that its 
reproductive rates are highly influenced by environmental factors such as rainfall and 
herbivory (1344-6).  
This study was contrary to the field’s and Bidartondo’s assumptions on 
reproductive processes, with Bidarrtondo unequivocally reasoning that mycoheterotrophs 
could not sustainably partake in an obligate symbiotic relation with a pollinator, due to 
the evolutionary problems with specificity and epiparasitism (“Evolutionary Ecology” 
339-40). This is not the case and further shows that predictions based on the paradigm of 
epiparasitism are not consistent with the underlying associations of M. uniflora. The 
reasoning for this hypothesis can be found in the use of epiparasitism to circumscribe an 
expected outcome over the entire organism. 
From the evidence and questions proposed above I do not think that M. uniflora 
should be classified as an epiparasite without qualification. To qualify the claim of 
epiparasitism it must be clearly stated by the author that the term is experimental and 
should not to be used in common dictum to describe M. uniflora until concrete evidence 
proves otherwise. This is not to say that parasitic hypotheses of M. uniflora’s associations 
should not be used there is no reason not to follow evidence, but it is necessary not to 
pre-conclude that M. uniflora is an epiparasite without concrete evidence. The study of 
mycoheterotrophs cannot settle on the use of parasitism to narrate interspecies 
associations without first having been willing to unbiasedly analyze what is known. 
Currently, M. uniflora cannot be concluded to be strictly an epiparasite.  
§Case study (II) Sarcodes sanguinea 
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S. sanguinea is largest in size member of the Monotropoideae subfamily and is 
the sole member in the genus (see Fig. 9 for illustration). S. sanguinea is restricted to the 
southern ranges of Oregon and the mountains of the Sierra San Pedro Mártir of Baja 
California (Tucker 391). It is classified as a mycoheterotroph (i.e. a plant that is non-
photosynthetic, which gains most if not all its fixed carbon through a fungus) (Leake, 
“The Biology of Myco-Heterotrophic ('Saprophytic') Plants” 192). It flowers 
infrequently; for example, one population in California has only been observed flowering 
once in 17 years (Kretzer et al. 1781). Little is known 
regarding its ecology and life cycle.   
S. sanguinea is specialized to the Rhizopogon 
ellenae in the Rhizopogonaceae fungal species complex 
(Kretzer et al. 1778-82). Furthermore, S. sanguinea is 
obligately associated (i.e. not free-living) with R. ellenae 
and is unable to produce its own photosynthate, thereby 
relying on the fungus for nutrients. An aspect of the 
relationship that is not yet discovered is whether R. ellenae 
receives any nutrients from S. sanguinea. It is assumed in 
the epiparasitic classification of S. sanguinea that the 
exchange of material/energy is linear. This linear 
exchange is correlated with the fact that R. ellenae is free-living and does not require S. 
sanguinea to subsist.  
The presence of S. sanguinea in the association affects the livelihood of R. ellenae 
outside of the linear transference of nutrients like carbon, phosphorus, and nitrogen to S. 
sanguinea. In its associations, S. sanguinea stimulates growth in the roots of its associates 
(i.e. both in R. ellenae and the autotroph/tree) (Bibartondo et al., “High Root” 1786). 
(Fig. 9) Sarcodes Sanguinea 
Source: Tucker “Ericaceae” in 
Flora North America 393. 
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Root core samples taken by Bidarrtondo et al. show that R. ellenae and its symbiont tree 
experience a higher density of root growth when S. sanguinea is present (1786-1788). 
This implies that S. sanguinea releases a chemical or an unknown substance that 
influences the growth of the fungus and tree’s roots, causing them to expand their roots 
further in the soil and increase the potential surface area for nutrient absorption. This 
interaction begins when S. sanguinea’ seeds germinate. 
§Description of S. sanguinea’ Root Bundle 
I will compile the descriptions that are known pertaining to S. sanguinea’ root 
bundle and life cycle. I will present information as it is sourced in the scientific studies on 
S. sanguinea with special attention to what the scientific community doesn’t know about 
S. sanguinea and its associates. In presenting what is known I will shed light on what 
isn’t known. The information will be put in context and the boundaries of what is fact and 
what is educated speculation will be flushed out.  I’ll start with a detailed analysis of S. 
sanguinea’ root interactions and then examine to foundations of its classification as an 
epiparasite. 
S. sanguinea develops roots that penetrate the mycelium of R. ellenae, eventually 
forming a mantle and intercellular fungal pegs (see Fig. 10). The connection formed 
stimulates growth in R. ellenae’s mycelium and hyphae, resulting in a root bundle 
(Bidartondo et al. “High Root” 1786). Understanding how R. ellenae’s roots are 
dispersed in an environment will be helpful to better characterizing the nature of this 
association.  
There are a number of different spatial relationships S. sanguinea can hold with 
its host fungus, each likely changes a dynamic in their association. Bidarrtondo et al. 
have described 5 likely spatial correlations of R. ellenae and S. sanguinea in a 
monospecific Abies magnifica forest: 
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       (1) R. ellenae could be free of snow plant [S. sanguinea] infection in localized 
regions of a site where snow plants are present; (2) R. ellenae could be negatively 
spatially correlated with the snow plant; (3) R. ellenae could be positively 
spatially correlated with the snow plant; (4) R. ellenae could be uniformly 
abundant at a site and randomly associated with the snow plant (particularly since 
Rhizopogon species form rhizomorphs well suited for long-distance physiological 
transport); (5) R. ellenae ECM [ectomycorrhizal] roots could be low in abundance 
and randomly distributed. (1784) 
More than one of these options is feasible over S. sanguinea’ range. It is likely that in 
some areas R. ellenae exhibits a different distribution pattern, and therefore may have 
multiple types of spatial associations with S. sanguinea. However, Bidarrtondo et al. 
showed that R. ellenae’s distribution and abundance is commonly low, spread out 
through an environment, not being a dominant fungal associate with the flora (1786-7). 
This may be due to its spores having a low rate of success in connecting to hosts (1786). 
(Fig. 10) Sarcodes sanguinea’s 
root bundle:  
While this photo does not show 
it the roots of S. sanguinea are 
elongated and spread out, and 
only become denser closer to 
the base of S. sanguinea’s roots 
(pictured). The roots that are 
shown in this photo are 
unsheathed in the fungal mantle 
of R. ellenae.  
 
Figure source: Figure 1d. in 
Robertson & Robertson 541. 
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 The low abundance of R. ellenae contrasts with areas where it is in a higher 
abundance when it associates with S. sanguinea. Increased root growth is shown to occur 
in both R. ellenae and its host tree A. magnifica, in comparison to sites where the 
mycoheterotroph is absent (1780). In soil core samples taken by Bidartondo et al., 
comparing S. sanguinea root balls with that of its associates from other sites in the forest, 
there was a “disproportionately high concertation” of A. magnifica roots connected with 
populations of R. ellenae in association with S. sanguinea, and of the A. magnifica roots 
R. ellenae colonized “86-98%” of them when S sanguinea was present (1786).  
This shows that there is a potential benefit involved for all three in this tripartite 
relationship, and within this vein of analysis Bidartondo et al. state: “in this study, it 
seems that R. ellenae benefits [from its association with S. sanguinea]; it colonizes a 
vastly larger proportion of Abies roots relative to its competitors in a diverse ECM 
community. This must in turn benefit the specialized Sarcodes. In this aspect the 
relationship between Sarcodes and R. ellenae appears mutualistic rather than parasitic.” 
(1787) Evidence of a benefit to its associates suggests that S. sanguinea may not be as an 
extreme of a parasite as it has traditionally predicted to be. It is likely that S. sanguinea is 
a mutualist with R. ellenae, while parasitizing A. magnifica; however, it remains to be 
shown how much S. sanguinea reduces A. magnifica’ fitness if it is indirectly providing 
the tree a benefit by stimulating R. ellenae and then the tree roots.  
Consequently, Bidartondo et al. still classify S. sanguinea as an epiparasite, even 
with knowledge of the root ball phenomena (1789). The possible benefits of this axis in 
the association are not clearly calculatable and are not factored in its classification. 
Additionally, epiparasitism is a convenient description for S. sanguinea and is dictated 
through a priori circumscriptions of how an association is characterized for 
mycoheterotrophic plants. Predicting S. sanguinea as an epiparasite requires a reduction 
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in the known complexity of S. sanguinea’ associations, limiting the axes of significance 
to the linear exchange of carbon to S. sanguinea. It is possible to claim S. sanguinea is an 
epiparasite because the benefits of its root bundle are not considered in predicting the 
overall outcome of the organism.  
Yet, Bidartondo et al. admits that for the majority of known mycoheterotrophs “a 
net cost to either the photosynthetic plant or the fungal associate remains to be shown.” 
(“High Root” 1783) Hence, S. sanguinea is classified as an epiparasite because it shares 
relevant traits with other plants classified as mycoheterotrophic epiparasites such as 
specificity towards a fungal lineage, shrinking of foliage, reduction in functional roots, 
microspermy, monotropoid mycorrhiza, and non-photosynthetic cells (Leake,“Biology”  
184; Bidartondo, "Evolutionary Ecology" 342-348; Merckx et al., “Mycoheterotrophy” 
79-83). Additionally, there is evidence of linear carbon exchange to S. sanguinea 
reported in the article “Mycorrhizal Symbiosis of Sarcodes sanguinea” by Vreeland et al. 
 Many epiparasitic mycoheterotrophs can be grouped on the basis of similarity in 
morphology and phenotype. The effects of convergent selection or parallel evolution 
have led to the development of certain characteristics correlating to the plants mode of 
nutrient acquisition and understory niche (Tedersoo et al. 206). This commonality 
between mycoheterotrophic epiparasites has resulted in these species exhibiting a high 
level of heterotrophic specificity, small seeds (microspermy), and symbiotic germination 
among other traits (Bidartondo, “The evolutionary ecology of myco-heterotrophy” 339).  
The other aspect that is used to classify mycoheterotrophs as epiparasites is 
evidence of the linear transfer of carbon, nitrogen, or phosphorus to the mycoheterotroph. 
The first study to discover the linear nutrient exchange was published in a paper written 
by Björkman in 1960 showing the exchange of 14C-labeled glucose from trees to 
Hypopitys Monotropa. Shared characteristics and evidence of linear nutrient exchange 
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are used by Bidartondo et al. as the primary reasons to classify S. sanguinea as a parasite 
(“High Root Concentration and Uneven Ectomycorrhizal Diversity” 1783). The majority 
of mycoheterotrophic parasites are classified based on similarity and evidence of linear 
nutrient exchange. However, evidence of shared traits and linear nutrient exchange are 
not enough to concretely prove S. sanguinea is a parasite. No net cost has been proven to 
occur between S. sanguinea and its associates.  
 Studies have proven that full mycoheterotrophic plants are epiparasitic in their 
carbon exchange with the host tree, but the exchange of carbon describes only one axis of 
the association, so that it is not proven whether the mycoheterotrophs are parasites in 
every axis of association (Tedersoo et al. 206-208; Merckx et al., “Myco-heterotrophy: 
when fungi host plants” 1259). The driving factor behind the study of epiparasitism in S. 
sanguinea is the prediction of a linear exchange of nutrients, which is a true prediction, 
but the parameters of prediction are too broad to concretely classify the organism as an 
epiparasite.   
 The tradition of labelling mycoheterotrophs only as epiparasites (i.e. a parasite of 
a parasite) stems from Björkman demonstrating the flow of a carbon isotope from the tree 
to Hypopitys monotropa. Björkman was the first to use the term “epiparasite” to 
characterize H. monotropa’s association, thus creating a category for these plants, and 
allowing for a simplistic system to be put in place, which generalized these life forms 
under one phenomena. Whether or not all mycoheterotrophs are only epiparasites is not a 
proven fact.  
 In Vreeland’s et al. study of S. sanguinea’ association with its fungus and host 
tree the exchange of carbon between organisms was mapped, and the study’s conclusion 
was that S. sanguinea was a epiparasite (20-3). However, this claim must be clarified S. 
sanguinea’ association with its fungi and autotroph tree is parasitic in its acquisition of 
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carbon. Further information on other sources of exchange between these associates has 
not been thoroughly studied. For instance, S. sanguinea’ stimulation of root growth is 
probably mutualistic, which means that S. sanguinea is both a mutualist and a parasite at 
the same time, because it interacts differently according to which axis is emphasized. 
Only by extension and placing more weight on the parasitic nature of the carbon 
exchange between associates allows for S. sanguinea to be predicted as organism of a 
parasitic nature.  
 This is troublesome because the reasoning behind placing more value on the axis 
of carbon, nitrogen, or phosphorus exchange is not transparent. There is not transparency 
in why the linear flow or carbon, nitrogen, and phosphorus is judged to have more impact 
on the outcome of an association than other aspects like root stimulation. A lack of 
scientific rigor is clearly demonstrated in the messy and entangled use of epiparasitism.  
If it is known that the classification of S. sanguinea as an epiparasite is not 
proven, as discussed above, the scientific approach to the organism should address the 
complexity of S. sanguinea’ associations, so that clear parameters of the organism’s 
association are explained. Hence, S. sanguinea cannot be claimed to overall be an 
epiparasite, but in specific axes of its associations it can be claimed to be an epiparasite. 
Any outlook of S. sanguinea’ classification as an epiparasite must qualify the aspects of 
the association that are parasitic, and whether a prediction is of true regarding the entire 
organism or a characteristic of an association.   
Further complications with the use of epiparasitism are revealed when S. 
sanguinea’ associations are examined. The progression of S. sanguinea’ association with 
R. ellenae —from the beginning of the association to the end— is not known in detail. 
However, the association starts when a S. sanguinea seed receives a signal from a 
molecule in the soil released by R. ellenae, this signifies that R. ellenae is present, 
 35 
thereafter S. sanguinea’ seed(s) germinate. Bidartondo and Bruns in their article “Fine-
level mycorrhizal specificity in the Monotropoideae” hypothesize and breakdown this 
relationship as follows: 
The first step in establishing the mycorrhizal interaction is taken by the 
seed, which germinates in response to a chemical signal from its fungal 
associate… This signal is specific; other fungal genera do not elicit seed 
germination. However, seeds germinate in response to Rhizopogon section 
Amylopogon species that are not found associated with mature plants (Bruns & 
Read 2000). This suggests that the first constraint on jumps may be host 
chemistry, which is probably shared among related hosts. The second constraint 
must involve physiological interactions between the germinating seed and the 
potential fungal host. Positive interactions between the plant and the fungus lead 
to a stable interaction. Negative interactions, in which the fungus recognizes the 
plant as a parasite, lead to rejection. (565) 
Some of the S. sanguinea seeds that germinate with Rhizopogon ellenea will not reach 
adulthood due in part to the specificity and variation of the relationship among different 
lineages of plant and fungi. Bruns and Read suggest this is a result of the R. ellenae 
species complex releasing similar chemical signals initiating germination in S. sanguinea, 
but some of the fungi sub species not being able to support S. sanguinea, thus preventing 
the plant from reaching adulthood (335). Using this information Bidartondo and Bruns 
frame S. sanguinea as a parasite, and it is because S. sanguinea is a parasite that some 
lineages of R. ellenae having selected against the negative interaction with it.  
 This characterization of S. sanguinea’ germination and establishment is 
constructed through the preemptive use of parasitism and because S. sanguinea is defined 
as an epiparasite its associations are determined by this factor. However, it is problematic 
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to reason all of S. sanguinea’ associations, which may not be parasitic, as if they are 
determined by S. sanguinea being a parasite. This may lead the scientific observer to 
limit the possibilities of other types of associations to only parasitism.  
The information that Bidartondo and Bruns base their analysis on is that (i) S. 
sanguinea requires specific fungal signals to germinate, (ii) some other variations of R. 
ellenae may produce similar chemical signals, and (iii) that not all of S. sanguinea’ seeds 
that germinate reach adulthood. When put in the framework of parasitism this 
relationship takes on a parasitic narrative, and because S. sanguinea can be called a 
parasite the authors by extension describe its interactions through parasitic outcomes.   
Conversely, with the same evidence a different outcome is equally plausible. The 
difference is in how the information is incorporated as a component of the outcome. For 
instance, examine this counter-example: due to the partial survival rates of the S. 
sanguinea seeds, its host fungus and tree may receive stimulatory growth, without 
becoming an established associate with S. sanguinea—hence the fungus and tree receive 
a benefit with no cost. Thereby, the fungus selects against S. sanguinea so that it receives 
the benefits of the association without providing anything. While in some cases R. 
ellenae cannot select against S. sanguinea, it still receives a benefit. Millions of small 
seeds are produced by S. sanguinea subsequently the number of these seeds that will 
germinate is higher than the number of plants that complete their life cycle, hence more 
often than not the fungus and tree receive a net benefit of root stimulation by associating 
with S. sanguinea. This predicted association has a completely different outcome than 
what Bidartondo and Bruns predicted, and its outcome would be closer to a mutualism. 
This outcome has the same truth value as that which was reasoned with the 
parasitic modeling system. It is important to note that I am not claiming that either view 
is true. Due to the lack of explanation of mechanisms organizing and creating the 
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conditions of this association, many different outcomes can be described. With both 
hypotheses parts of the claims may be true both reflect an aspect of S. sanguinea’ 
possible associations, and the outcomes seem true because the borders of the S. 
sanguinea’ association with other organisms are not well defined. Therefore, there can be 
multiple outcomes that reflect a part of the whole association between organisms. Where 
Bidartondo and Brun’s prediction errs is in its circumscription of the whole without 
investigating the boundaries or particulars of the phenomenon. The use of parasitism as a 
modeling system in this way lacks the ability to respect what is unknown about an 
organism, therefore this use of parasitism also lacks the ability to unequivocally 
investigate the phenomena. 
When claims are made like that of Bidartondo’s and Bruns’ about an outcome 
without detailed analysis the prediction is not collectively exhaustive. When an 
association is predicted under the limited scope of a parasitic modeling system the 
association is put in absolute terms (i.e. exhaustive terms), which, if not examined 
rigorously, limit the scientific ability to describe an organism as a parasite. The pre-
emptive conclusion of parasitism creates an overwhelming possibility that the scientific 
observer can be misled.  
Consequently, when an organism is encapsulated in a biased description of 
parasitism a self-productive tendency is formed, where an organism is studied and said to 
be a parasite because an aspect of its associations with other organisms fits the outcome. 
This however is faulty reasoning, and the evidence of parasitism is not exclusive even 
though the language used frames the outcome as an exclusive result. The scientific 
observer thereby misleads the scientific community in the study of an S. sanguinea in 
pre-concluding in an answer that is stated absolutely but is incompletely supported by 
evidence. 
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The facets of this relationship that are known to be unknown have a great impact 
on the way modeling systems describe S. sanguinea’ associations. The chemicals that 
elicit seed germination in S. sanguinea are not known, nor is it known at what rate after 
germination the plant is colonized by R. ellenae. The life cycle and nutritional 
consumption of S. sanguinea over time has not been determined, and no net rate of 
nutrient sequestering can be noted (i.e. the rate of parasitism or the presence of parasitism 
is not certain). The why and how of S. sanguinea’ associations are minimally described, 
and due to the lack of proper description the scientific community cannot explain S. 
sanguinea’ associations in their complexity. Hence, a hypothesis that describes a 
prediction must respect what is unknown in an association, so that the right descriptions 
can be identified for the phenomena creating the prediction.  
 In qualifying the classification of epiparasitism S. sanguinea’ associations can be 
studied in more detail. As a way to conceptualize this I will describe S. sanguinea’ 
known behavior in association through a system of levels. To begin let us assume that, as 
there are parts that make a whole, there are lower levels that compose higher levels in the 
associations of organisms. These lower levels may change aspects of the higher levels 
and can be considered include information describing different aspects of S. sanguinea’ 
association such as carbon exchange, root bundle, and seed germination. The 
combination of the lower levels casually creates the higher level of the organism. 
As an individual lower level of the organism, the root bundle is organized in 
relation to each other and the different casual influences that construct them. The lower 
levels are not necessarily separate, they are self-organized in a coalescence that 
contributes to the overall organism, and each can be described under different casual 
patterns but are interrelated. Thus, at the lower level these descriptions are incomplete 
and should be characterized in consideration of both the higher-level organism and the 
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autopoiesis of phenomena that operate on the other lower levels. Otherwise an 
epistemological fallacy is formed, where a lower level is characterized as a higher level, 
which has happened in the case of S. sanguinea due to a lack of acknowledgement of 
what the parameters of a study allows the scientist to claim. As a lower level 
phenomenon, the linear exchange of carbon, nitrogen, or phosphorus is not the ultimate 
determinate of the organism, and the indicator traits that are consistent with plants that 
engage in a linear exchange of photosynthates do not show parasitism, rather they are the 
consequence of evolutionary developments with associates and a niche. 
§ Case Study (III) Pterospora andromedea 
The final case study will be shorter than those that 
proceeded it, because there is less information published 
regarding Pterospora andromedea (see Fig. 11). I intend to 
highlight the predicament of studying P. andromedea and its 
associations in the fixed outcome model of epiparasitism. 
Particular attention will be given to the life cycle of P. 
andromedea and how current knowledge fails to explain or 
infer the organizational structure of P. andromedea’ 
associations, because the information on its life cycle too 
limited. First, I will describe P. andromedea’ ecology and 
distribution, then I will account for its fungal symbiont, 
before finally addressing how its life cycle interferes with 
predicting epiparasitism through evidence of linear carbon 
exchange. 
Like M. uniflora and S. sanguinea, P. andromedea is a mycoheterotroph in the 
Monotropoideae (Leake, “The Biology of Myco-Heterotrophic ('Saprophytic') Plants” 
(Fig. 11) Pterospora 
andromedea: Top left corner 
is a depiction of its winged 
seed.  
 
Figure Source: Tucker 
“Ericaceae”  in Flora North 
America 393. 
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198). P. andromedea blooms irregularly during the summer (i.e. there are some years 
where it will bloom and others where it remains dormant underground) (Tucker 389). 
This makes it a hard species to study, as its natural cycles are not known. Furthermore, 
the microspermous seeds it produces are much smaller with a more delicate seed coat 
than the seed of S. sanguinea (Wong & Bruns 190). Its seeds also have small 
membranous wings, hence the name Pterospora (Gr. pteron- wing and sprora-seed) (see 
top left corner of Fig. 11). It is thought that the membranous wings on its seeds help with 
wind dispersal (Bakshi 203-5).  
P. andromedea inhabits the understory of deciduous-coniferous to completely 
coniferous forests, often in deep “moist to dry” hummus (Tucker 389; Bidartondo, “The 
evolutionary ecology of myco-heterotrophy” 341). The range of P. andromedea is split 
into two populations in North America, one western and the other eastern. P. andromedea 
is considerably rarer in its eastern range than its western range (Tucker 389).  
Rhizopogon subcaerulescens and Rhizopogon salebrosus are members of the 
Rhizopogonaceae fungal species complex and are P. andromedea’ primary fungal 
associates (Kretzer et al. 1778). However, over its western and eastern ranges the 
Rhizopogon lineages are different, with an eastern and western lineage existing and 
correlating to the lineage of P. andromedea that coevolved with them (Hazard et al. 393-
4). P. andromedea forms a root bundle similar to the monotropoid mycorrhizas formed in 
Monotropa and Sarcodes (Robertson and Robertson 550). However, there are structural 
differences between these mycorrhizal associations that are unique to the species of 
mycoheterotroph and its host fungus, but these nuances in structure are not understood 
functionally, hence it is unknown what these differences could mean for the plant-fungus 
associations (Massicotte et al. 108).  
 In the eastern portion of P. andromedea’ range its scarcity is correlated with the 
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rareness of its Rhizopogon host (Hazard et al. 393-394). Hazard et al. found that “only 
11% of the field soil bioassay seedlings had mycorrhizal root tips with the Rhizopogon-
like morphology” therefore out of the samples of 233 tree saplings only a small fraction 
hosted fungus in the genus Rhizopogon (400). Additionally, out of this only 4.7% was 
colonized by P. andromedea’ eastern Rhizopogon associate (398). Interestingly, in sites 
that Hazard et al. found P. andromedea there was a higher colonization of tree roots by 
its Rhizopogon associate (400). This could imply the possibility that P. andromedea 
stimulates its fungal host like S. sanguinea, but this has not been investigated.  
 The conservation status of P. andromedea is linked to that of its fungal associate. 
Without proper identification of the particular and sensitive aspects of their association 
there is a chance both species could become extirpated in their eastern distribution 
(“Michigan Natural Features Inventory” 1-2). If an attempt is not made to grasp the 
complexity of this relationship a proper management strategy cannot be created. At the 
moment, current understanding of these species is too limited to identify a way to manage 
their populations (Hazard et al. 401).  
 P. andromedea is classified as an epiparasite for the following reasons: it is 
thought to gain its carbon through a linear exchange between fungus and host tree and 
because it features a high level of heterotrophic specificity, small seeds (microspermy), 
and symbiotic germination (Bidartondo, “Evolutionary Ecology” 339). However, the 
carbon exchange between P. andromedea and its fungus has not been investigated 
explicitly therefore the linear carbon exchange is predicted due to inferential evidence of 
its phylogeny (i.e. it is a monotrope and all other species in this sub family are thought to 
be epiparasites) and structural similarity with other species that are mycoheterotrophs.  
One study of the carbon and phosphorus exchange of P. andromedea has been 
done by Vreeland et al. while P. andromedea is not the primary subject of the study some 
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sample data of P. andromedea was included in the article. Consequently, this sample data 
showed that P. andromedea was not receiving phosphorus or carbon from its host fungus 
in the Rhizopogon (20-1). I do not think that this data proves that P. andromedea does not 
receive carbon or phosphorus from its fungus at any point, instead the data implies that P. 
andromedea is not always using the carbon and phosphorus from its fungus. Over the life 
cycle of P. andromedea, there is a progression of different outcomes stipulated by its 
changing associations. P. andromedea’ interactions with its associates begin with 
germination and continue to change throughout the plants life. The data in this study 
supports the possibility that P. andromedea does not associate only as an epiparasite with 
its host fungus and tree, since there is a broader set of interactions that have not been 
accounted for.  
The epiparasitic modeling system unsatisfactorily conceptualizes the multiple 
outcomes of association as one outcome over the duration of P. andromedea’ life cycle 
(Bidartondo, “Evolutionary” 344). Without understanding the different possible outcomes 
of the association, it is not scientifically justifiable to claim that P. andromedea is only an 
epiparasite, given that far too little of this organism’s associations have been examined to 
calculate a net outcome. Here there must be a move within the scientific study of P. 
andromedea to account for the complexity of this organism’s life cycle. Hence, for 
science to conceptualize P. andromedea the casual phenomena behind the structural 
mechanisms, reproductive patterns, and substrates of nutrient exchange must be identified 
throughout its life cycle. Without the push to recreate how P. andromedea is 
conceptualized there is a high likelihood that the species will continue to decline.  
§Philosophical Comments 
 From here on we will switch from case studies to dealing with how to think about 
mycoheterotrophs outside of the framework of parasitism. I will propose a radical view 
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that is not meant to be correct or absolute, rather it is meant to emphasize a drastically 
different approach from parasitism for characterizing inter-organismal associations. The 
Mycoheterotroph, fungus, and autotrophic will be framed as living systems. A living 
system is the totality of an individual organism’s spatial relations and interactions that 
create the its niche. A stark contrast from the framework of parasitism that reduces an 
organism to the outcome of net costs and benefits.  
 In taking this stance the scientist (i.e. the observer) must view themselves as a 
living system, which is observing mycoheterotrophic associations whether in thought or 
space. Thus, when applying a modeling system, the observer must reflect on whether 
their approach is partial to their own perspective, or if it is appreciative of characterizing 
a non-observer centric perspective of a different individuals living system. Epiparasitism 
is an observer centric system, it generalizes a phenomenon so that they can be reduced to 
a category, consequently the individual organism categorized is a variant of a category 
but never a perfect fit for the category itself. This is not a wrong perspective to take in 
moderation, but over generalization of mycoheterotrophic associations limits the ability 
of scientific thought to progress.  
 The general structure of the following sections will be to philosophically digest 
the materials of previous sections with a discussion of the implications of framing 
organisms as parasites, and how this operates in accordance with description, prediction, 
and explanation. After this I will delve into the concept of a living system. This will 
provide the foundations for thinking about the limits to the framework of parasitism. The 
concluding sections will discuss the importance of using both explanation and prediction 
to understand living systems. A narrow view of explanation will be presented that is 
meant to apply and be relevant for living systems, which means that it will not be 
properly formulated to be a universal form of explanation.   
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§Discussion 
Most of what we know about mycoheterotrophs is based on predicting the 
outcomes of interactions (See: Bidartondo, “The evolutionary ecology of myco-
heterotrophy”; Bidartondo et al., “Specialized cheating of the ectomycorrhizal 
symbiosis”; McKendrick et al., “Symbiotic germination and development of myco-
heterotrophic plants”; Yuki Ogura-Tsujita, “Evidence for novel and specialized 
mycorrhizal parasitism”). Some mycoheterotrophic associations are predictable using 
epiparasitism, which is demonstrated by the predicting the linear carbon exchange to the 
non-photosynthetic mycoheterotroph. However, other aspects of mycoheterotrophic 
associations such as flowering, pollination, and the establishment of a mycorrhizal 
associate are not predicted by epiparasitism. Therefore, these associations exist and may 
not be parasitic, which casts doubt on whether mycoheterotrophs are parasitic in the net 
calculation of possible outcomes.   
Additionally, the lack of a clear cost for the fungus and tree when associating with 
the mycoheterotroph casts further doubt on whether a linear modeling system like 
parasitism can characterize a tripartite association. With three different associates a cost 
cannot be concisely calculated because it cannot be identified. It is possible the cost is 
spread out across the association, creating a difficult situation that is not capturable in a 
linear model. The tools are lacking in the study of parasites to deal with such complexity.  
The prediction of linear carbon exchange to mycoheterotrophs is the outcome of 
only one axis of interactions between the organisms. It would take the prediction of 
multiple kinds of interactions to show epiparasitism of the entirety of mycoheterotrophic 
associations. Proof of epiparasitism would be the summation of the organism’s net 
interactions, requiring that all or most of the components that create the association to be 
parasitic (Gourbière et al. 5-6). It is for this reason that mycoheterotrophs are not 
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epiparasites at the organismal level, they are only predicted to be in one interaction at one 
moment in an associations life cycle.   
Epiparasitism decomposes the organism to linear relationships that are tracked 
and quantified by the exchanges in an association. In tracking a specific aspect of an 
organism, an axis of the organism is identified and the features considered relevant are 
highlighted in analysis, where this focus on certain aspects becomes concerning is when 
the highlighted axis is substituted as if it were the whole. For instance, the linear carbon 
exchange to mycoheterotrophs is emphasized as if it effects the entire organism more 
than anything else. Many of the distinguishing features of mycoheterotrophs such as 
reduced foliage, lacking chlorophyll, and specificity are described to have evolved from 
the selection pressures of parasitism. However, this is not the only answer, and clearly 
there are other aspects about mycoheterotrophic associations that need to be known. In 
searching to neatly tie up phenomenon other possibilities and trajectories are written off 
in the use of parasitism.  
 When the linear exchange of photosynthates is isolated as evidence of parasitism 
the rest of the organism is neglected. The focus of understanding mycoheterotrophs has 
overwhelmingly been driven by the diminishment other axes of mycohetertrophic 
associations. Focus is attuned to the parasitic nature of mycoheterotrophic association, 
thus diverting the observer’s attention from other aspects of the association. This turns 
the focus of scientific experimentation to answering the ways an organism is a parasite. 
But in the pursuit of the ways an organism is parasitic other equally interesting and 
important aspects of the organism go unnoticed. For example, in the case of S.sanguinea’ 
root stimulation of its host, the phenomenon is diminished in importance because it does 
not continue to answer the questions of parasitism.  
Epiparasitism disproportionately focuses on what makes something a parasite. 
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The presumption that mycoheterotrophs are epiparasites has mislead the field to explore 
the phenomenon as a case of extreme parasitism and mycoheterotrophs are not examined 
independent from parasitism. The claim that “mycoheterotrophs are epiparasites” is not 
qualified in concrete evidence and fails to clarify that mycoheterotrophs are known to be 
parasitic in only one way. Ideally the classification of epiparasitism would precisely and 
accurately characterize mycoheterotrophy.  
Consequently, mycoheterotrophs must be studied as complex living systems and 
cannot be conceptualized without using prediction, causal description, and explanation. 
Currently the study of mycoheterotrophs lacks use of the latter two. Epiparasitism cannot 
be satisfactorily proven unless more aspects of mycoheterotrophic interactions are 
explained. Leake & Cameron list 3 dimensions of mycoheterotrophic associations that 
need to be clarified and explained:  
 … [1] the composition, quantity and chronology of metabolite transfers 
from fungus-to-plant to be identified and measured… [2] the metabolic pathways 
involved in storage and allocation by the plant of the C and nutrients received 
from fungal partners to be characterized… [3] any metabolite fluxes from plant-
to-fungus and their roles in establishing, maintaining or repaying fungal 
associations determined. (602)  
Dimensions (2) and (3) require that mycoheterotrophs are not only predicted as 
outcomes, rather a concurrent explanation is sought so that the phenomenon can be 
understood independent of parasitism. The use of epiparasitism has limited progress in all 
three dimensions because it directs how these processes are identified. The particulars of 
these dimensions of mycoheterotrophs cannot be identified if the questions asked are 
pursued under the presumption that the answer is derivable by epiparasitism. The field of 
mycoheterotrophic epiparasitism relies on prediction instead of exploration of new axes. 
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Prediction is the keystone that has allowed knowledge of mycoheterotrophic associations 
to progress to the current point, yet its use lacks the ability to produce explanatory 
knowledge about the organization and physiology of inter-organismal associations.  
Identifying new aspects of mycoheterotrophic associations through the model of 
parasitism is misdirectional. Like a magician that uses misdirection to make their 
audience look one way and not the other, epiparasitism focuses the study of 
mycoheterotrophs on how new and old facts are related to a case of parasitism before the 
information is interpreted independently. That is, the prediction of epiparasitism is used 
to hypothesize about unknown aspects of the organism based on inconclusive evidence 
that is derived from the initial classification of parasitism. This process of investigation 
produces an idea that mycoheterotrophs are parasites in all axes of their associations.    
By predicting mycoheterotrophs are epiparasites without branching beyond the 
predictable axis of the association a loop is formed that maintains a possibly misleading 
narrative. The prediction of epiparasitism reproduces itself, by mapping only the shared 
characteristic of the linear exchange of carbon, nitrogen, and/or phosphorus to the 
mycoheterotroph. It excludes all other possibilities in the association in favor of the one 
that is known to be predictable. Coincidently, this axis of prediction has been constant 
since Björkman’s article “Monotropa Hypopitys l. — an Epiparisite on Tree Roots” in 
1960.  
The probability that mycoheterotrophs are epiparasites is at this point as likely as 
that they are not. Without further evidence to draw a conclusion there is conjecture and 
modeling bias this is not satisfactory for characterizing mycoheterotrophic associations. It 
is unsatisfactory because the linear nutrient pathway of carbon, phosphorus, and nitrogen, 
is a prediction that shows mycoheterotrophy and infers epiparasitism. The terms 
epiparasitism and mycoheterotrophy are conflated. The way to end this would be to break 
 48 
through the barriers preventing the explanation of the associations, which would uncover 
the physiologic systems that compose mycoheterotrophic interactions. These physiologic 
systems would allow for a more comprehensive understanding of the phenomenon of 
mycoheterotrophy, and whether it is justified to conclude that they are epiparasites.  
§Living systems, The Observer, and Description. 
 To counteract the generalization of epiparasitism, I will propose the idea of a 
“living system” to demonstrate what is lost when parasitism is overly relied upon and to 
guide future study of mycoheterotrophs. This section is not a complete outlook on what a 
living system is, but it highlights the parts of living systems that the framework of 
parasitism does not account for. The following will be broken down into 6 parts each part 
highlights an aspect of a living system and why it is important for us to acknowledge.   
(1) A living system is the self-organization of an individual organism that 
preserves its cycle and maintains its identity (Maturana & Varela 10). The organization of 
an individual organism is constructed through many different interactions taking place in 
continuity of each other, individually these interactions take place according to the 
organization in its living system. A living system can be described in analogy to a 
symphony. Many individual harmonies seamlessly meld together to form the symphony; 
each harmony is a combination of notes that form a chord creating concurrently 
interacting sounds. The chorus is the unity of harmonies that creates a definitive 
soundscape, which is changing but maintaining continuity in the conjoining of interacting 
harmonies. A living system is the symphony, where the individual organism’s living 
system is the result of many interlocking interactions that are active and productive 
according to the organization of the individual.  
In plants these interactions vary from electrical pulses creating action potentials, 
to reproductive processes like pollination, and the acquisition of nutrients; all the 
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processes of a living system involve some form of interaction between entities within the 
individual (10). Interactions are intersectional—an interaction is created through other 
interactions—the current moment of the individual is a state of activity composed of the 
interactions taking place (11). Hence, interactions occur according to the organization of 
the living system and provide the individual organism with the means to move, smell, and 
live. For example, an organ such as a four-chambered heart maintains a constant flow of 
oxygenated blood through many different interactions that take place according to its 
organization. The heart is an entity that is actively responding to feedback from the living 
system (e.g. increase of heart rate during exercise) it interacts and changes according to 
its connection with other processes.   
An individual’s living system does not isolate interactions—the current state of an 
organism is the continuity of present interactions. It is only in the position of the observer 
that concepts of causality, axes of interaction, or history/future are established, creating a 
temporally realized organism from the standpoint of the observer. The parts of an 
organism are a phenomenologic experience through the cognition of the observer (27). 
Maturana and Varela in the “Biology of Cognition” state that “the identity of a unit of 
interactions that otherwise changes continuously is maintained only to the observer, for 
whom its character as a unit of interaction remains unchanged.” (10)  
There is an inaccessible aspect of the individual that makes it a living system. The 
living systems organization cannot be understood through its parts, nor is it capturable in 
the isolation of a set of interactions. An observer perceives and understands the 
interactions that can be taken in isolation, therefore to model for an individual organism 
as a living system the designed systems of prediction and explanation should aim to 
connect phenomenon together, so that science can begin to piece together the 
organization of an organisms living system.  
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(2) M. uniflora, S. sanguinea, and P. andromedea are names that denote 
individual organisms that each feature a unique living system. Every living system being 
defined by its organization can only be explained through associations and interactions 
and not by component properties (76). Hence the living systems of individuals 
categorized as M. uniflora, S. sanguinea, and P. andromedea do not have clear 
boundaries to their interactions, because the preservation of their self-organization 
requires feedback from all their associations. The observer faces problems with 
conceptualizing such living systems. 
To make the associations and individuals intelligible the observer creates different 
realms of the organism. Without doing so it would be hard to become aware of the 
differential aspects that create the unity of the organism. This is further complicated by 
the organization of an association, which must maintain the autonomy of an individual’s 
living system and account for the unity of two living systems in an association. 
When deconstructing the individual as separate from its living system the 
observer must realize that the kinds of information gathered from the organism are placed 
in a particular frame, which may limit the ability of the observer to acknowledge the 
intersectionality of interactions. In other words, by separating the individual from its 
living system the observer cannot conceptualize its organization. This is one reason that 
both prediction and explanation are needed, because they highlight different descriptive 
axes of an organism’s organization when looking at its associations and interactions. By 
using both, the axis of a description can become more reflective of the elusive 
organization of the living system.  
(3) Descriptions play an integral role in the possibility of the observer becoming 
aware of the organism’s organization, and how an organism is studied and realized in 
cognition. Descriptions are derived from a cognitive and instrumental approach to an 
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individual organism. Maturana & Varela support this view by stating: 
[A]lthough the observer can decompose a living system into parts that he 
defines, the description of these parts does not and cannot represent a living 
system. In principle a part should be definable through its relations within the unit 
that it contributes to form by its operation and interactions with other parts; this, 
however, cannot be attained because the analysis of a unit into parts by the 
observer destroys the very relations that would be significant for their 
characterization as effective components of the unit. (49) 
A unit cannot have parts, it is necessarily referred to through the “domain of interactions 
which specify this distinction.” (49) For the field of mycoheterotrophy this principle is 
not obtainable. Descriptions of mycoheterotrophs are extremely limited and the 
conservatism of doing away with components of modeling systems would further stunt 
research. This is why a generalization like epiparasitism is favorable because it allows for 
the prestige of being informed about the organisms, while not actually having to study 
them as a living system.  
 However, there is a middle ground between accepting living systems and using 
generalization, but this requires the scientist to acknowledge the limits of their knowledge 
and to clarify what is known. Conclusions should be formulated by considering the 
organization of an organism as it interacts concurrently, and predictions should be used to 
illustrate a state of activity that occurs in a continuity of different activities and entities. 
The enumeration of a component part of an organism can be prefaced in connection with 
the state of the living system. Therefore, the unknown aspects lying within or on the 
periphery of what is known and unknown can be made clear, so that an incomplete 
description is not considered final.  
(4) The self-referring organization of a living system forms the closed cognitive 
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domain of an organism (Maturana & Varela 49). Plants also experience a cognitive 
domain through electrical/chemical signals and action potentials (49). Accordingly, no 
interaction is possible that is not derived by the organism’s organization. Every organism 
creates a field of behavior through its participation in its closed sphere of interactions, 
which is circumscribed to the forms of interaction that the individual can engage in (49). 
The same goes for the observer who can engage with other organisms through their own 
closed sphere of interaction, that is limited by the types of potential interactions they are 
equipped to enter.  
In this process an experience is apprehended in the general sense, and it is only 
through multiple independent enumerations that the various kinds of interaction become 
apparent in their intersection (49). The ability to understand a living system’s 
organization is revealed through the prolonged engagement with the system, if a 
phenomenon is to become cognizant it must be reproduced.  
(5) An association is an organizational structure that in mycoheterotrophs is an 
extension of their internal organization, in that the living systems of the associates 
coevolved together. This creates an association of interactions where the organisms are in 
contact with one another. Each organism still exists in its closed realm, but there is a 
secondary unity formed in the life cycles of the mycoheterotrophs and their host fungus. 
For example, the process of seed germination and fungal peg establishment between the 
mycoheterotroph and fungus features different forms of interaction between the 
organisms, which regulate the establishment and timing of fungal peg establishment 
(Robertson & Robertson 550). In these different interactions the individual organisms are 
orientating their association according to the synchronization of their life cycle to the 
organization of the other individual organism.  
A combined organizational unity is formed where the organisms encounter each 
 53 
other through chemical or electrical pulses. Consequently, Maturana & Varela state: “in 
an… interaction the behavior of the first organism, as a communicative description 
causes in the nervous system of the one a specific state of activity; this state of activity 
embodies the relations generated in the interaction and represents the behavior of the 
second organism (description of its niche) connoted by the orientating behavior of the 
first one.” (28) The term orientating describes an aspect of an association, one that is not 
realized through epiparasitism, but is causally constructed in mapping interactions. 
Nonetheless, this modification of and sharing of interactions is entangled in a 
mycoheterotrophs living system.  
(6) Here I would like to return to the discussion of known and unknown 
phenomena. As a living system takes many forms overtime it is necessary for the 
observer to qualify the claims to knowledge that are made. An illustration of this point is 
demonstrated in Robertson & Robertson’s article “Ultrastructure of Pterospora 
andromedea Nuttall and Sarcodes sanguinea Torret Mycorrhizas” where they state: 
The entire process of fungal peg formation suggests a series of finely 
controlled processes which are precisely regulated by the fungus and the root. The 
remarkable specificity in point of entry of the fungal peg, always occurring on the 
same wall and at precisely the same point in Sarcodes, is another manifestation of 
this fine control. However, what the controlling mechanisms are remains 
unknown. (550)   
The description decomposes the interactions into components but does this after 
acknowledging the complexity of the organisms. Formation of the fungal peg is reliant on 
a casual description identifying the “control.” Robertson & Robertson clearly identify 
what is known in light of what isn’t, coupling the phenomenon of fungal peg 
establishment to a larger and intersectional apparatus of interaction. This is the building 
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block where prediction and explanation are vital, the formation of the fungal peg is 
predictable, but it lacks descriptive causality derived from explanation linking the 
phenomenon. 
 Through independent observation over multiple instances the exact point of S. 
sanguinea’ fungal peg becomes predictable. This is due to the circular organization of S. 
sanguinea’ association with R. ellenae, which allows for the phenomenon to be inferred 
from a particular state of activity that takes place in the interaction between two living 
systems. However, notice how this prediction while formed with a description does not 
make a qualitative claim reasoned through epiparasitism to decompose the association to 
parasitism.  
§Synthesis of (1-6) 
 M. uniflora, S. sanguinea, and P. andromedea each have their own living systems, 
which are defined by the organization of their interactions and the kind of interactions 
that are possible (76). An organism is what it is due to its organization and the type of 
interactions that are possible. Every interaction is connected and characterized by the 
organism’s organization.  The unity of a living system cannot be broken into component 
parts without losing the identity of the organism as a living system, because a part is 
artificially separated from the unity necessitated in an organism’s organization, thereby 
losing the ability to conceptualize the living system as it is. To correct for this a modeling 
system should be used to connect states of activity to the organism’s organization.  
 This does not mean the study of living systems is a fruitless pursuit. But it 
requires that care is taken on the part of the observer to recognize the unknown, so that 
the periphery of component properties can be left open to the necessary connected 
phenomenon, which may not immediately be apparent. The interactions that take place in 
a living system can be studied in isolation, and in doing so the scientist has the chance to 
 55 
formulate a description that is open to the entire system, this is creates the foundations to 
grow knowledge on the living system, which over time will give the observer the 
information to cognitively become aware of more types of interaction.  
 The observer can generate descriptions of the system that fit into the kinds of 
interactions that are available to them in their living system. This restricts the observer to 
domains of the unity, and in these domains the observer can become aware of new 
aspects of the isolated interactions, allowing the observer to expand the possible realm of 
cognitive interactions. An observer must approach the living system in such a way that 
his or her predictions and explanations are questioning or searching for connectedness 
within the living system.  
 This provides the foundations for viewing mycohetertrophic interspecies 
interactions as a form of communication where the initiating organism orientates the 
behavior of its associate organism. The organism receiving the interaction responds and 
in its own way orientates the system, as is seen in the control mechanisms of S. sanguinea 
and R. ellenae during the establishment of the fungal peg. However, through this form of 
questioning it is unknown which species in this association orientates the initial 
interactions, nor are the different interactions that are formed through the coupling of 
both organisms to each other’s organization. To contextualize an intra organismal 
association the interactions between organisms should be further explained. 
§Explanation and Prediction (I) 
 This is section will develop concepts of explanation and prediction that can be 
used with the concept of a living system as it was elaborated in the previous sections. I 
intend to show how explanations and predictions are derived from different types of 
descriptions. Explanations are constructed through casual descriptions, whereas 
predictions are constructed through statistical correlations. Casual descriptions are 
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distinct from statistically derived descriptions. By including different descriptions an 
explanation and prediction tell us very different things about a living system.     
The phenomenon of mycoheterotrophy is predictable. As a characteristic of an 
organism mycoheterotrophy can be inferred via its ecology, physiology, and associations. 
Mycoheterotrophy can be readily identified to occur in all monotropes, hence if an 
individual is identified as S. sanguinea, M. uniflora, or P. andromedea, we know without 
further testing that they are mycoheterotrophs. However, predicting that they 
mycoheterotrophic doesn’t indicate how the phenomenon is produced or maintained, it 
only demarcates a set of conditions that are part of the prediction.  
Mycoheterotrophy cannot explain the associations that compose it, because the 
mechanisms that interrelate to compose the phenomenon have not been casually 
described. Explanation provides different insights into an organism that compliments 
prediction, allowing for a more comprehensive understanding of what transpires in 
mycoheterotrophic associations. In the following I will elucidate how explanation is 
different from prediction, and why explanation is needed. The view I will support is not 
necessarily correct, but it will allow us to explore the method of scientific knowledge.  
Kaplan and Craver argue that without revealing the underlying casual structures 
of a phenomenon a prediction or description cannot explain (602). Furthermore, for a 
modeling  system to explain a phenomenon it must account for the causes that “produce, 
underlie, and maintain the explanandum phenomenon.”(602) This requires an 
investigation into the mechanical features of whatever system is studied; in practice a 
prediction or description that leaves out the causal elements from a model fails to account 
for how a phenomenon manifests itself (602).  
Different types of descriptions are used for explanations and predictions. Casual 
descriptions are used in explanation, creating a mechanism that enumerates how a state of 
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activity is initiated, its intermediate stages, and how it ends (Machammer et al. 2). An 
explanation utilizes this information to create a proposition that connects casual 
descriptions. Whereas, a prediction uses descriptions that identify a set conditions that 
form the state of activity resulting from an unexplained process at specific point in time. 
This type of description is used in mycoheterotrophy to identify a specific part of an 
association—the exchange of carbon, nitrogen, and phosphorus by a fungus.  
It is easy to confuse the different attributes of a description, prediction, or 
explanation. This is because when used together they build on each other, and allow for 
more concrete predictions, objective descriptions, and clear explanations. When mapping 
the complexity of an organism each can be used as a tool to enumerate different aspects. 
That is, each produces different contextual information about the organism being studied. 
The same organisms described can be narrated differently according to whether a 
prediction or explanation is used to formulate the descriptions.  
Kaplin and Craver state that “a predictivist might hold that to explain phenomena 
is to show that its description follows from universal or statistical generalizations 
conjoined with descriptions of the initial and boundary conditions.” (606) This view does 
not work for the study of mycoheterotrophs because it lacks explanation derived from 
causal descriptions. If prediction provides what the predictivist view claims, explanation 
would not cover the processes that underlie, maintain, and produce a phenomenon. In 
using predictive descriptions, the phenomenon is characterized by the outcome predicted 
within initial and boundary conditions, which would leave uninvestigated what goes on 
in-between. Therefore, explanation for our purposes will not relate to the sense of 
explanation used by the predictivist as purely universal or statistical generalizations.  
A prediction does not explain, rather it creates descriptions that enumerate the 
regularity of a system and does not account for why or how the phenomena occurs. 
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Prediction cannot be conflated to mean explanation because they address different 
questions about phenomenon. A prediction identifies a set of conditions and statistical 
patterns that conclude in an outcome, whereas explanation describes the activities and 
entities in a system that create the outcome (608). The other important factor to note is 
that a prediction can be the product of identifying variables dependent on the scope of the 
data, which may misconstrue an organismal relationship if too broad or narrow a claim is 
made without a strong account of connected phenomena (Maturana & Varela 11-12).  
In this vein of analysis, a prediction is of a specific set of interactions that take 
place in creating an outcome. By identifying these factors an outcome can be anticipated, 
but this outcome is contextually dependent on the regularity of the variables included in 
the prediction. Should a random variable be added to the equation the prediction becomes 
uncertain, until the new variable itself can be predicted, and the outcome adjusted.  
A prediction enumerates a moment in the circular processes of an organism. For 
instance, the phenology of a particular plant can be predicted to an interval of time during 
the year, wherein the organisms of the same species are in similar cycles of interaction 
with the surrounding world. Every year this phenomenon can be predicted with some 
accuracy due to the organization of the plants as living systems that maintain and 
reproduce themselves. This prediction enumerates a specific class of interactions that 
allows the organism to flower with regularity in its cycle. The prediction of blooming 
period is not the same prediction as that of mycoheterotrophy, but it necessarily involves 
the same processes of selecting the relevant information to define the scope of a 
prediction. 
A prediction anticipates a phenomenon by isolating the outcome of an axis of the 
organism—removing the set of interactions that create the outcome from the self-
referential organization of the organism (Maturana & Varela xiii). Two terms that will be 
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useful in separating this distinction are: “self-referred systems,” a system that can only be 
characterized in reference to itself; and “alloreferred systems,” which are characterized 
through reference to a context (xiii). Since an organism is a living system that undergoes 
a life cycle and change, a prediction separates a specific set of interactions and gives 
them context, causing the interactions to become static and defined in its outcome— the 
prediction is alloreferential. However, in a living system the organism is in constant 
concurrence with all its interactions, which are fluid and self-referential, in that a living 
system cannot be characterized without accounting for the interrelated organization and 
operation of the organismal system (xiii). To connect this system theoretically 
explanation should be used to link predictions to a proposition with casual descriptions.  
Prediction and explanation are alloreferential, but they create different contextual 
understandings of the organism. They use different descriptions in their generation. A 
prediction describes the pattern of a part of a system; there can be subsidiary predictions 
that in amalgamation add up to an overall prediction, like that of epiparasitism. Yet the 
descriptions that are formed with prediction are not part of the living system itself, they 
are abstractions that provide cognitive insight for the human observer. Conversely, an 
explanation can function similarly in its structuring of phenomenon with subsidiary 
explanations connecting to form an overall explanation, but an explanation is formed 
with a different type of description, which is created by the observer’s study of the living 
system and its casual associations.    
§Explanation (II) 
 I will explore a Peircean concept of explanation because of its ability to fit with 
modern analytic models of explanation and its utility in dealing with living systems. 
Additionally, Maturana & Varela’s concept of living systems shares similarities with 
Peirce’s concept of explanation, these similarities will be highlighted, so that the different 
 60 
idea’s I have presented can be understood cohesively. In conveying Peirce’s concept of 
explanation, I will set the groundwork for the subsequent section §Integrating 
Explanation, where I will use different but complimentary concepts of explanation to 
flush out how a living system can be explained.  
Peirce’s concept of explanation is multifaceted, but it can be reduced to four clear 
points.  Boersema in the article “Peirce on Explanation” states Peirce’s concept of 
explanation as follows: 
  (1) there is a structure to what constitutes an explanation (explanations are 
syllogisms); (2) explanations have an irreducible epistemic aspect (they involve 
what seems improbable or extraordinary); (3) they have an irreducible axiological 
aspect (they are hypotheses that there is something in nature to which human 
reason is analogous); and (4) explanations involve categorization (they involve 
predicates, some to be replaced by others). (228) 
I will touch on all four of these points as I continue discussing Peirce’s concept of 
explanation these points serve as a summary of Peirce’s notion of explanation. In my 
final conceptualization of explanation I will not adhere to Peirce’s concept verbatim, thus 
in this section I will focus on presenting the most vital parts of his conception.  
 Peirce and Maturana and Varela hold that the observer is only able to partake in 
the types of interaction that are provided in an individual’s organization (1.316; 49). This 
realization is an important correlation between these two perspectives, because it 
circumscribes a similar understanding of how a living system is organized in cognition. 
Peirce states that “every scientific explanation of a natural phenomenon is a hypothesis 
that there is something in nature to which the human reason is analogous.” (1.316) It is 
through in cognition that an interaction is identified, separated from the living system, 
and put into a non-self-referring context. The observer formulates an idea or hypothesis 
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through the information provided in our closed sphere of interactions.   
 Another similarity in Maturana and Varela’s and Peirce’s thinking is in the ability 
to identify regularities in a system through independent sampling (48-49; 6.609). If a 
phenomenon exhibits regularity it follows that certain interactions and conditions will 
bring about specific outcomes, and while a circumstance is interpreted to be static it is 
continuous over an organisms life cycle. This is due to the circularity of a living system, 
where the organization of an organism reproduces states of activity given certain 
interactions. The regularity that is predictable can be sourced through instruments, 
calculations, and/or independent observation. When a state of activity is identified in a 
context it is not comprehensive, but it does consist of a domain or class of interactions 
that can be studied.  
 When a state of activity is studied and proven to be predictable overtime the 
prediction becomes a rule (Peirce 6.612). For Peirce the limits of a rule are what should 
be and can be explained (6.612). Hence, the state of activity in isolation cannot provide 
an explanatory description, while it may be able to predict the phenomenon it does not 
link the casual facts of the phenomenon. Hence, a prediction is a statement on something 
happening in regularity that cannot be explained unless the prediction is linked to facts 
that characterize the causes behind a prediction. Therefore, once a rule is formed it 
provides awareness of a phenomenon so that the facts that explain the prediction can be 
connected. The facts (i.e. abstract propositions of the real) show the connections and 
interactions that create the predicted state of activity. To identify the facts a rule is used 
to guide research and focus information to generate the explanation, which is not part of 
the original understanding. Peirce discusses this in the following way: “[a]n explanation 
is the conception of a fact as a necessary result, thereby accounting for the coincidence it 
presents.” (Peirce: CP 6.612)  
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 A rule provides the scaffolding through which questions of “why” or “how” can 
be explored. In the use of fact, some hypothetical, a conclusion can be drawn that links 
the rule to the living system so that the consequence is the formation of an explanation, 
and the restructuring of the prediction. Peirce states that: “[a]n explanation is a syllogism 
of which the major premiss, or rule, is a known… rule of nature, or other general truth; 
the minor premiss, or case, is the hypothesis or retroductive conclusion, and the 
conclusion, or result, is the observed (or otherwise established) fact.” (1.89) The rule is 
used as a tool to begin linking interactions so that their isolation is not limited to the types 
of interactions open to the observer.  
 This provides the explanation with structure, where it takes its shape from a 
copulative proposition, creating a new proposition that narrows the original generality. 
Here I will add to Peirce’s theory of explanation something that compliments it and 
focuses it on the questions I am asking. Hence, in Maturana and Varela’s discussion of 
explanation they assert: “[a]n explanation is always a reproduction, either a concrete one 
through synthesis of an equivalent physical system, or a conceptual one through a 
description from which emerges a system logically isomorphic to the original one, but 
never a reduction of one phenomenological domain into another.” (55) Through 
explanation there is an expansion in the description of the living system, this comes out 
of what is known (i.e. the rules and facts of the phenomena) whereby the original 
isolation of the phenomenon becomes less general.  
 A distinction that is necessary to conceptualizing explanation is that explaining a 
state of activity is not the reframing of what is already known, it is the formation of new 
information that is a consequence of what is already known. The explanation before its 
creation is unknown. Accordingly, Peirce argues against a nominalist concept of 
explanation in stating: 
 63 
The fault of this explanation is the capital fault which attaches to all 
nominalistic explanations, namely that they merely restate the fact to be explained 
under another aspect; or, if they add anything to it, add only something from 
which no definite consequences can be deduced. A scientific explanation ought to 
consist in the assertion of some positive matter of fact, other than the fact to be 
explained, but from which this fact necessarily follows; and if the explanation be 
hypothetical, the proof of it lies in the experiential verification of predictions 
deduced from it as necessary consequences. (6.273) 
An explanation is born out of a prediction, and subsequently functions in the creation of 
further predictions. Therefore, an integral relationship is formed on the need to use both 
prediction and explanation, in that the searching for the unknown of prediction, derived 
from the hypothetical, can confirm an explanation. An explanation serves in this way to 
identify and bring awareness to the possible phenomenon that can be predicted. The two 
concepts play off each other to progress scientific understanding.  
 Peirce elucidates that not everything needs explanation. An explanation is only 
needed under certain circumstances. Bringing this idea flush with his theory of 
explanation, Peirce states: 
 In order to define the circumstances under which a scientific explanation 
is really needed, the best way is to ask in what way explanation subserves the 
purpose of science… Now what an explanation of a phenomenon does is to 
supply a proposition which, if it had been known to be true before the 
phenomenon presented itself, would have rendered that phenomenon predictable, 
if not with certainty, at least as something very likely to occur. It thus renders that 
phenomenon rational, that is, makes it a logical consequence, necessary or 
probable. Consequently, if without any particular explanation, a phenomenon is 
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such as must have occurred, there is no room at all for explanation. If the 
phenomenon is such as need not have occurred on the special occasion but must 
occur on occasions differing in no discoverable and exactly assignable pertinent 
respect from the special occasion on which the phenomenon in question actually 
occurs, still there is nothing for explanation to do, until it is ascertained in what 
respects, if any, the individual occasion differs from those other occasions. 
(7.192) 
There is a need for explanation in certain instances and not everything fits the 
requirements for explanation. An explanation takes on that which is not known and 
connects to what is known about a system. This necessitates that what is currently 
explained may not always be considered comprehensive. An explanation only explains 
until what is known changes and effects the syllogism. Thus, an explanation is not static, 
it partakes in its reconfirmation or its disbandment, because as the connectedness of a 
state of activity becomes apparent an explanation must change to account for the new 
information that is known. 
§Integrating Explanation (III) (Living Mechanisms) 
Peirce’s notion of explanation provides information relevant to rebuff the over 
reliance on epiparasitism as the primary modeling system of mycoheterotrophy. He 
creates a necessary concept of the connectedness of an explanation that can be integrated 
into modern casual explanations. In this final section, I will couple the insights of 
Peirce’s concept of explanation to Machamer’s et al. formulation of mechanisms in terms 
of activities and entities, which will be supportive of explanation as describing the casual 
mechanisms that maintain, produce, and underlie a phenomenon (Machamer et al., 1; 
Kaplan & Craver 601). Additionally, I argue mycoheterotrophs are living systems and I 
will establish explanation under the premise that the individual organisms named as M. 
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uniflora, S. sanguinea, and P. andromedea are examples of autopoietic mechanisms and 
are self-productive (Maturana & Varela 81).   
A mechanism in the traditional use of the term established that the components of 
a system add up to make the whole. This is not what the term means for the authors I will 
use to conceptualize autopoietic mechanisms. Machamer et al. conceptualizes 
mechanisms as a dualism analyzed in terms of the entities and activities that compose 
them (2). A mechanism is created in mapping the activities and entities that underlie, 
maintain and produce a phenomenon. Therefore, a mechanism describes a system of 
“entities and activities organized such that they are productive of regular changes from 
start of set-up to finish or termination conditions.” (3) 
Machamer et al. states that “[a]ctivities are the producers of change” and 
“[e]ntities are the things that engage in activities.” (3) Furthermore, activities require the 
entities they interact with to have specific characteristics that facilitate the process. When 
clarifying this Machamer stated the following example: “[t]he neurotransmitter and 
receptor, two entities, bind, an activity, by virtue of their structural properties and charge 
distributions. A DNA base and a complementary base hydrogen bond because of their 
geometric structures and weak charges.” (3) Correlating activities and entities can interact 
because of their organization, and they generate a network of interactions that form a 
state of activity (Maturana & Varela 78-79). A mechanism that is formed through a state 
of activity is regular and can be predicted to occur given the same interactions in forming 
a state of activity.  
A mechanism in description captures a changing set of activities and entities as 
they progress through multiple interactions. The process captured is necessarily a 
productive continuity, featuring no gaps in the constitutive stages, for example 
(A)(B)(C) where A, B, and C represent the predicted outcome, the arrows represent 
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the continuity between activities (Machammer et al. 3). It should be noted that while 
these stages can be represented linearly this is not always the case, other cases could be 
represented circularly or in whatever other shape is conjured in connecting concurrent 
interactions over time. The continuity between activities follows the organization of the 
individual organism. An activity elicits change in a mechanism that is productive in the 
formation of a different state of activity, which is emergent and consistent with the 
organization of the individual. Together entities and activities are constitutive to the 
process of a mechanism and in the unity of a living system.  
A product is considered as the consequence of a mechanism, and there are two 
types of products that differentiate a dynamic mechanism like a car from an autopoietic 
mechanism in an individual organism (Maturana & Varela 79). Dynamic mechanisms 
create a product that is not part of their components—i.e. the dynamic mechanism does 
not recreate itself, and its product is independent from itself and its organization (79). 
Whereas, an autopoietic mechanism is directly responsible for creating its component 
parts and its organization is interdependent on continuation and continuity of its states of 
activity (79). For example, a jet engine is a combination of parts that do not maintain or 
produce themselves, and the product of the jet engine cycle is propulsion or movement. 
Whereas, for S. sanguinea the formation of its fungal peg with R. ellenae is a set of 
interactions that create a state of activity that initiates development, and the production of 
this state of activity is self-productive for S. sanguinea, allowing for the continuation of 
the individuals organization.  
 An autopoietic mechanism explains how activities are organized and interact with 
entities. It shows how the regularity in a system studied is composed, explaining and 
connecting the activities that sustain the regularities (Machamer et al. 22).  For Peirce this 
is exactly what needs explanation, because it is describing the active process that change 
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occurs in a system (7.192). It is when the changes in a system are connected that an 
explanation by be used with prediction to expand knowledge and test itself.  
By distinguishing that an individual organism is composed by autopoietic 
mechanisms it shows that the study of epiparasitism in mycoheterotrophs focuses on 
narrating a regularity and not explaining. Additionally, it relies on selectively connecting 
phenomena that reflect the original assumption of parasitism. The use of epiparasitism 
lacks the necessary awareness to study the activities that compose the regularity of a 
mechanism, turning attention to broad generalizations. The components that construct the 
study of epiparasitism in mycoheterotrophy is an isolated system that uses the same 
contextual descriptions of one mechanism to reason a whole association.  
 Contrastingly, an autopoietic machine generates its components through the 
continuously changing states of activity that sustain the organism’s organization through 
its life cycles. Maturana and Varela in their essay “Autopoiesis” formulate the basis for 
this as follows: 
 “An autopoietic is a machine organized (defined as a unity) as a network 
of processes of production (transformation and destruction) of components that 
produces the components which: (i.) through their interactions and 
transformations continuously regenerate and realize the network of processes 
(relations) that produced them; and (ii.) constitute it (the machine) as a concrete 
unity in the space in which they (the components) exist by specifying the 
topologic domain of its realization as a network.” (79). 
In this excerpt Machamer’s et al. concept of entity, as the things that are engaging in 
activities, is synonymous to “components” (11). Moreover, it is in this homeostatic 
continuation of the organism’s processes that a subsidiary mechanism can be isolated, 
like a piece in a puzzle, and defined as having as a start point and an end point. The 
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points of beginning and end are the mapping of one component as it becomes another.  
 Peirce’s insight into the connectedness of an explanation is intimately tied to the 
need to orientate an explanation so that the transition between the defined mechanism and 
the continuation of the machine is not lost. This is transferable to how a mechanism and 
autopoietic machine can be explained and places an explanation of a component in the 
context of a living system, opposed to being placed in the context of an isolated system. 
The openness of an explanation in this sense defines what is known in the light of the 
larger system or what is not known. 
 A description plays a vital role in the formulation of an explanation, and primarily 
formulates the facts that are known pertaining to an autopoietic mechanism so that they 
match the behavior of the described system. Descriptions explicate the entities, 
components, activities, and processes that are connected, showing how together the effect 
successive stages of the autopoietic machine (Machamer et al. 12). The described is 
intelligible because of the entities and activities of a system are all included in the 
description, that is, through enumerating and elaborating the entities and activities of a 
system and explanation can bring together these descriptions to answer the what 
underlies, maintains, and produces an autopoietic mechanism (12).  
 An explanation reveals the underling autopoietic mechanism—i.e. the notion of 
mechanism developed in this paper. The mechanism is mapped according to what 
maintains, underlies, and produces its composite phenomena, which are connected and 
sustain each other (Kaplan & Craver 601-603). A model that fails to do this fails cannot 
explain a phenomenon, even if results can be predicted with regularity.  
§A Final Note on Prediction and Explanation: 
 A prediction or explanation can be deceptive if they are thought of as true without 
questioning. A prediction’s results can be used to show the occurrence of a phenomenon, 
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which is then interpreted and described according to what is plausible, this process is 
selective and leaves out what underlies, maintains, and produces a regularity. An 
explanation similarly can only explain what is known to the best of the fields current 
understanding, and the first explanations often make way for more accurate explanations 
of a phenomenon over time. Both are necessarily not static in their describing elements, 
and this should be considered whenever a prediction or explanation is accepted.  
 Over the duration of this paper I have shown you the short-comings of the 
modeling system of epiparasitism in hope that such a critique will inspire self-reflection 
and the want to pursue better science. In pursuing the elusive idea of better science, I 
would like to note that to achieve such an ideal requires the use of both explanation and 
prediction— all the tools present should be utilized. An over reliance on explanation or 
prediction leaves the organism in question at risk of misrepresentation to epistemic 
statements that fail to characterize it as a living system. 
 In closing, the study of M. uniflora, S. sanguinea, and P. andromedea is 
incumbered by using epiparasitism to classify the whole organism. The domain of the 
association it describes is limited to the exchange of photosynthates and should not be 
confabulated as the entirety of these associations. These organisms cannot be explained 
preemptively as epiparasites; one axis of an association that has no clear cost cannot be 
evidence to concluded that an organism is a parasite. Therefore, to claim that M. uniflora, 
S. sanguinea, P. andromedea are epiparasites requires more information, which I have 
argued can be found in studying the autopoietic mechanisms that constitute the 
organism’s organization, so that the negative term parasite is not applied to the entire 
organism lightly or without proof.  
 
 
 70 
Works Cited 
Bakshi, Trilochan S. “Ecology and Morphology of Pterospora Andromedea.” Botanical 
Gazette, vol. 120, no. 4, 1959, pp. 203-17, doi:10.1086/336027, 
https://doi.org/10.1086/336027.  
Bidartondo, Martin I. “The Evolutionary Ecology of Myco-Heterotrophy.” New 
Phytologist, vol. 167, no. 2, 2005, pp. 335-52, doi:10.1111/j.1469-
8137.2005.01429.x. 
Bidartondo, Martin I.,  and Thomas D. Bruns. “Extreme Specificity in Epiparasitic 
Monotropoideae (Ericaceae): Widespread Phylogenetic and Geographical 
Structure.” Molecular Ecology, vol. 10, no. 9, 2001, pp. 2285-95, 
doi:10.1046/j.1365 294X.2001.01358.x. 
———. “On the Origins of Extreme Mycorrhizal Specificity in the Monotropoideae  
(Ericaceae): Performance Trade-Offs During Seed Germination and Seedling 
Development.” Molecular Ecology, vol. 14, no. 5, 2005, pp. 1549-60, 
doi:10.1111/j.1365-294X.2005.02503.x. 
Bidartondo, Martin I. et al. “Specialized Cheating of the Ectomycorrhizal Symbiosis by 
an Epiparasitic Liverwort.” Proceedings of the Royal Society B: Biological 
Sciences, vol. 270, no. 1517, 2003, pp. 835-42, doi:10.1098/rspb.2002.2299. 
———. “High Root Concentration and Uneven Ectomycorrhizal Diversity near Sarcodes 
Sanguinea (Ericaceae): A Cheater That Stimulates Its Victims?” American 
Journal of Botany, vol. 87, no. 12, 2000, pp. 1783-88, doi:10.2307/2656829.  
Boersema, David. “Peirce on Explanation.” The Journal of Speculative Philosophy, vol. 
17, no. 3, 2003, pp. 224-36, http://www.jstor.org/stable/25670469. 
Bowen, G. D. “Misconceptions, Concepts and Approaches in Rhizosphere Biology.” 
Contemporary Microbial Ecology, edited D. C. Ellwood, et al., Academic Press, 
 71 
1980, pp. 283–304. 
Bruns, Thomas D. et al. “Host Specificity in Ectomycorrhizal Communities: What Do the 
Exceptions Tell Us?” Integrative and Comparative Biology, vol. 42, no. 2, 2002, 
pp. 352-9, doi:10.1093/icb/42.2.352. 
Björkman, Erik. “Monotropa Hypopitys L. — an Epiparasite on Tree Roots.” Physiologia 
Plantarum, vol. 13, no. 2, 1960, pp. 308-327, doi:10.1111/j.1399-
3054.1960.tb08034.x. 
Bronstein, Judith L. “Conditional Outcomes in Mutualistic Interactions.” Trends in 
Ecology & Evolution, vol. 9, no. 6, 1994, pp. 214-7, doi:10.1016/0169-
5347(94)90246-1. 
———. “The Exploitation of Mutualisms.” Ecology Letters, vol. 4, no. 3, 2001, pp. 277-
87, doi:10.1046/j.1461-0248.2001.00218.x. 
Combes, Claude. Parasitism: The Ecology and Evolution of Intimate Interactions. 
Translated by Isaure de Buron and Vincent A. Connors. U of Chicago P, 2001. 
Egger, Keith N., and David S. Hibbett. “The Evolutionary Implications of Exploitation in 
Mycorrhizas.” Canadian Journal of Botany, vol. 82, no. 8, 2004, pp. 1110-21, 
doi:10.1139/b04-056. 
Finlay, Roger D. “Ecological Aspects of Mycorrhizal Symbiosis: With Special Emphasis 
on the Functional Diversity of Interactions Involving the Extraradical Mycelium.” 
Journal of Experimental Botany, vol. 59, no. 5, 2008, pp. 1115-26, 
doi:10.1093/jxb/ern059. 
Gourbière, Sébastien et al. “Fundamental Factors Determining the Nature of Parasite 
Aggregation in Hosts.” PLoS ONE, vol. 10, no. 2, 2015, p. e0116893, 
doi:10.1371/journal.pone.0116893. 
 72 
Hazard, Christina et al. “Is Rarity of Pinedrops (Pterospora Andromedea) in Eastern 
North America Linked to Rarity of Its Unique Fungal Symbiont?” Mycorrhiza, 
vol. 22, 2011, pp. 293-402. doi:10.1007/s00572-011-0414-y. 
Johnson, Nancy C. et al. “Functioning of Mycorrhizal Associations Along the 
Mutualism–Parasitism Continuum.” New Phytologist, vol. 135, no. 4, 1997, pp. 
575-85, doi:10.1046/j.1469-8137.1997.00729.x. 
Kaplan, David Michael, and Carl F. Craver. “The Explanatory Force of Dynamical and 
Mathematical Models in Neuroscience: A Mechanistic Perspective.” Philosophy 
of Science, vol. 78, no. 4, 2011, pp. 601-27, doi:10.1086/661755. 
Kong, Alejandro, et al. “Russulaceae Associated with Mycoheterotroph Monotropa 
uniflora (Ericaceae) in Tlaxcala, Mexico: A Phylogenetic Approach.” 
Cryptogamie Mycologie, vol. 36, no. 4, 2015, pp. 479-512, 
doi:10.7872/crym/v36.iss4.2015.479. 
Klooster, Matthew R., and Theresa M. Culley. “Comparative Analysis of the 
Reproductive Ecology of Monotropa and Monotropsis: Two Mycoheterotrophic 
Genera in the Monotropoideae (Ericaceae).” American Journal of Botany, vol. 96, 
no. 7, 2009, pp. 1337-47, doi:10.3732/ajb.0800319. 
Kretzer Annette, M., et al. “Regional Specialization of Sarcodes Sanguinea (Ericaceae) 
on a Single Fungal Symbiont from the Rhizopogon Ellenae (Rhizopogonaceae) 
Species Complex.” American Journal of Botany, vol. 87, no. 12, 2000, pp. 1778-
82, doi:10.2307/2656828. 
Kron, Kathleen A., et al. “Phylogenetic Classification of Ericaceae: Molecular and 
Morphological Evidence.” Botanical Review, vol. 68, no. 3, 2002, pp. 335-423, 
doi:10.1663/0006-8101(2002)068[0335:PCOEMA]2.0.CO;2. 
Leake, Jonathan R. “Myco-Heterotroph/Epiparasitic Plant Interactions with 
 73 
Ectomycorrhizal and Arbuscular Mycorrhizal Fungi.” Current Opinion in Plant 
Biology, vol. 7, no. 4, 2004, pp. 422-28, doi:10.1016/j.pbi.2004.04.004.  
———. “Tansley Review No. 69. The Biology of Myco-Heterotrophic (‘Saprophytic’) 
Plants.” The New Phytologist, vol. 127, no. 2, 1994, pp. 171-216.  
Leake, Jonathan R., and Duncan D. Cameron. “Physiological Ecology of 
Mycoheterotrophy.” The New Phytologist, vol. 185, 2010, pp. 601-605. 
Leung, Tommy, and R. Poulin. “Parasitism, Commensalism, and Mutualism: Exploring 
the Many Shades of Symbioses.” Vie Milieu – Life and Environment, vol. 58, 
2008, pp.107-15. 
Machamer, Peter, et al. “Thinking About Mechanisms.” Philosophy of Science, vol. 67, 
no. 1, 2000, pp. 1-25, doi:10.1086/392759. 
Maturana, Humberto R., and Francisco J. Varela & Varela. Autopoiesis and Cognition: 
The Realization of the Living. D. Reidel Publishing, 1980. Boston Studies in the 
Philosophy and History of Science, vol. 42. 
Massicotte, H. B. et al. “Structural Features of Mycorrhizal Associations in Two 
Members of the Monotropoideae, Monotropa uniflora and Pterospora 
andromedea.” Mycorrhiza, vol. 15, no. 2, 2005, pp. 101-10, doi:10.1007/s00572-
004-0305-6. 
McKendrick S. L. et al. “Symbiotic Germination and Development of Myco‐
Heterotrophic Plants in Nature: Transfer of Carbon from Ectomycorrhizal Salix 
repens and Betula pendula to the Orchid Corallorhiza trifida through Shared 
Hyphal Connections.” New Phytologist, vol. 145, no. 3, 2001, pp. 539-48, 
doi:10.1046/j.1469-8137.2000.00592.x. 
Merckx, Vincent et al. “Myco-Heterotrophy: When Fungi Host Plants.” Annals of 
Botany, vol. 104, no. 7, 2009, pp. 1255-61, PMC, doi:10.1093/aob/mcp235. 
 74 
———. Mycoheterotrophy: The Biology of Plants Living on Fungi. Springer New York, 
2013, doi:10.1007/978-1-4614-5209-6. 
Michigan Natural Features Inventory. Pterospora andromedea Nutt. - pine-drops, 2004,  
mnfi.anr.msu.edu/abstracts/botany/Pterospora_andromedea.pdf. 
Neyland, Ray, and Melissa K. Hennigan. “A Cladistic Analysis of Monotropa uniflora 
(Ericaceae) Inferred from Large Ribosomal Subunit (26s) rRNA Gene 
Sequences.” Castanea, vol. 69, no. 4, 2004, pp. 265-71, doi:10.2179/0008-
7475(2004)069<0265:ACAOMU>2.0.CO;2.  
Price, Peter W. Evolutionary Biology of Parasites. Princeton UP, 1980. Monographs in 
Population Biology, vol. 15. 
Peirce, Charles S. Collected Papers of Charles Sanders Peirce. Belknap Press of Harvard 
UP, 1978. 
Ogura-Tsujita, Yuki et al. “Evidence for Novel and Specialized Mycorrhizal Parasitism: 
The Orchid Gastrodia confusa Gains Carbon from Saprotrophic Mycena.” 
Proceedings of the Royal Society B: Biological Sciences, vol. 276, no. 1657, 
2009, pp. 761-67, doi:10.1098/rspb.2008.1225. 
Olson, A. Randall. “Postfertilization Changes in Ovules of Monotropa Uniflora L. 
(Monotropaceae).” American Journal of Botany, vol. 78, no. 1, 1991, pp. 99-107, 
doi:10.1002/j.1537-2197.1991.tb12576.x. 
Robertson Diane, C., and A. Robertson J. “Ultrastructure of Pterospora andromedea 
Nuttall and Sarcodes sanguinea Torrey Mycorrhizas.” New Phytologist, vol. 92, 
no. 4, 2006, pp. 539-51, doi:10.1111/j.1469-8137.1982.tb03413.x.  
Saffo, Mary Beth. “Coming to Terms with a Field: Words and Concepts in Symbiosis.”  
Symbiosis vol. 14, no. 1, 1992, pp. 17-31. 
Tedersoo, L. et al. “Parallel Evolutionary Paths to Mycoheterotrophy in Understorey 
 75 
Ericaceae and Orchidaceae: Ecological Evidence for Mixotrophy in Pyroleae.” 
Oecologia, vol. 151, no. 2, 2007, pp. 206-17, doi:10.1007/s00442-006-0581-2. 
Tucker, Gordon. “Ericaceae.” Flora of North America North of Mexico, Oxford UP vol. 
8, 2009, pp. 370-91. 
Wong, Valerie L., and Thomas D. Bruns. “Gibberellic Acid Induces Asymbiotic 
Germination of the Obligate Mycoheterotroph Pterospora andromedea 
(Ericaceae).” Madro, vol. 60, no. 3, 2013, pp. 186-92, doi:10.3120/0024-9637-
60.3.186. 
Yang, Sylvia, and Donald H. Pfister. “Monotropa uniflora Plants of Eastern 
Massachusetts Form Mycorrhizae with a Diversity of Russulacean Fungi.” 
Mycologia, vol. 98, no. 4, 2006, pp. 535-40, 
doi:10.1080/15572536.2006.11832656. 
Young, B. W. et al. “Monotropa uniflora: Morphological and Molecular Assessment of 
Mycorrhizae Retrieved from Sites in the Sub-Boreal Spruce Biogeoclimatic Zone 
in Central British Columbia.” Mycorrhiza, vol. 12, no. 2, 2002, pp. 75-82, 
doi:10.1007/s00572-001-0153-6. 
